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Foreword 



At this writing the Cassini spacecraft has fired its engine and successfully inserted 
itself and its precious cargo of scientific instruments into orbit, the first step of 
its exploration of the Saturnian system. The suspense is not over, however. While 
exciting images of the rings have been captured, an exotic composition of Phoebe 
sensed by the mapping spectrometer and unexpected panoply of magnetic waves 
and plasma dynamics encountered on the incoming trajectory and initial orbit, the 
Huygens probe is still on board and the first close flyby of Titan has not taken place. 
Not until Christmas Day will the probe be released. Navigators are still checking 
their calculations, worrying about known unknowns like the mass of Saturn’s moons 
that could cause ever so small a deviation from the planned trajectory of the probe. 
The orbiter investigators are also anxious but they get their taste of Titan earlier, on 
October 26. How well will they detect the surface? How thick is the atmosphere? 
Does Titan have a magnetic field? Is there lightning in the atmosphere of Titan? 
While terrestrial and Hubble Space Telescope pictures have improved greatly over 
the years, they cannot match the resolution obtainable from orbit about the planet, 
and much of the data is simply unobtainable without direct in situ sensing. 

Volume 1 of this three volume set described the Cassini/Huygens mission, its 
scientific objectives and the Huygens probe that will soon enter the Titan atmo- 
sphere. Volume 2 described the in situ investigations on the orbiter. In this, the 
third and final volume of the compendium, we describe the remote sensing inves- 
tigations: radio science, radar, visible and infrared spectroscopy, thermal infrared 
studies, ultraviolet spectroscopy and visible imagery. 

This volume completes our description of this most ambitious mission. For the 
editor, this has been a very ambitious task, extending over an eight-year period. We 
trust that the reader will find these pages beneficial, gaining insight into the how and 
why of the Cassini investigations and allowing the broader scientific community to 
share in the advance in our understanding that the mission brings. As with Volumes 
1 and 2, this volume is due to the efforts of many individuals especially the referees 
and authors who have helped produce a very readable and complete descriptions 
of the investigations. We especially wish to thank Anne McGlynn who assisted in 
the initial stage of the assembly of this collection and Marjorie Sowmendran who 
completed the effort upon Anne’s retirement. Lastly, none of this would have been 
possible without the years of labor by the women and men of the Cassini/Huygens 
project who built the spacecraft, tested it, programmed the software, and navigated 
and operated the spacecraft so flawlessly. 

C. T. Russell 
University of California 
Los Angeles, CA 
September 2004 
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Abstract. Cassini radio science investigations will be conducted both during the cruise (gravitational 
wave and conjunction experiments) and the Saturnian tour of the mission (atmospheric and ionospheric 
occultations, ring occultations, determinations of masses and gravity fields). New technologies in the 
construction of the instrument, which consists of a portion on-board the spacecraft and another portion 
on the ground, including the use of the Ka-band signal in addition to that of the S- and X-bands, open 
opportunities for important discoveries in each of the above scientific areas, due to increased accuracy, 
resolution, sensitivity, and dynamic range. 

Keywords: atmospheres, Cassini, gravitational fields, gravitational waves, general relativity, iono- 
spheres, occultations, planetary rings, radio science, Saturn, Titan 



I. Introduction 



This paper, produced by the Cassini Radio Science Team during the early cruise of 
the Cassini spacecraft en route for the Saturnian system, records major reference 
information concerning the investigations to be conducted, and the instrument that 
will be operated to conduct these investigations. Section 2 describes the radio 
science investigations. Section 3 is devoted to the radio science instrument. Section 4 
contains a brief conclusion. 



2. Radio Science Investigations 



For each of the radio science investigations: 



- Gravitational wave experiments, 

- Conjunction experiments (a new test of general relativity, study of the solar 
corona), 
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- Gravitational field measurements and celestial mechanics experiments (pertain- 
ing to Saturn, Titan, and the Icy Satellites), 

- Ring occultation experiments, 

- Atmospheric and ionospheric occultation experiments (pertaining to Saturn, 
Titan, and the icy satellites), 

we describe the scientific objectives with respect to the present state of knowledge, 
the techniques, and the major requirements. 

2.1. Gravitational Wave Experiments 

2.1.1. Scientific Objectives 

This section of the paper outlines the method and experimental setup of the Cassini 
Gravitational Wave Experiment (GWE). 

The extensive and stringent tests of gravitation theories carried out in the solar 
system, together with observations of binary pulsars, have dispelled most doubts 
about Einstein’s theory of general relativity and the existence of the gravitational 
waves it predicts. The direct detection of gravitational waves constitutes an out- 
standing challenge for experimental physics, however, and - when successful - 
will open up a new window for observational astronomy (Thome, 1987). Since 
gravitational waves are virtually unaffected by intervening matter, their observa- 
tion will probe the dynamics of cataclysmic events in the deep interiors of, for 
example, supemovae and active galactic nuclei, regions which are inaccessible to 
electromagnetic observations. 

There are three main frequency bands of astronomical interest: 

- The “high” frequency band, around 1 kHz, where the sources include supemovae 
and stellar coalescences; 

- The “low” frequency band, around 1 mHz, where the sources include compact 
binary systems such as a binary pulsar, the formation of super-massive black 
holes, and the coalescence of supermassive binary black holes; 

- The “very low” frequency band, <1 /xHz, where one might expect a stochas- 
tic background of waves from the superposition of stellar binaries, distant past 
collapse events, and possibly the red-shifted remnant of a primordial cosmic 
background created by density fluctuations in the Big Bang. (See Armstrong 
et al., 2003 for results from Cassini’s GWE). 

The variety of possible sources in the low-frequency band accessible to space- 
craft Doppler tracking necessitates using a variety of signal detection techniques. 
This is especially true because it is a search conducted largely “in the dark”; while 
astronomical observations and theory almost guarantee the existence of gravita- 
tional waves, it is still beyond our capability to predict the shape, or even the likely 
strength, of waves from these sources. So the best one can do is to do a system- 
atic search for a variety of plausible waveforms (wide-hand pulses, periodic and 
quasi-periodic waveforms, stochastic backgrounds). 
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For detection purposes, an ideal source would be the binary pulsar 1913 + 16. 
Binary pulsars are objects for which clear evidence of gravitational radiation al- 
ready exists and everything one needs to know about the system is available to 
predict precisely the observed signal (Wahlquist, 1987). The wave frequency of 
the strongest harmonic of the periodic signal from 1913 -|- 16 falls exactly where 
the Doppler method is most sensitive. Unfortunately, the predicted amplitude of 
the signal from 1913 + 16 is too weak to detect at Cassini’s sensitivity by many 
orders of magnitude. 

In addition to being of great intrinsic astrophysical interest, supermassive binary 
black hole systems may be the most promising sources for detection with Cassini. 
Clean binary systems, not too close to coalescence, are sufficiently simple that 
detailed comparison of theory and observation is possible. Of course, since the 
parameters of the system are not known in advance, it is necessary to employ a large 
ensemble of signal templates to search for waves from one of these systems. Near 
coalescence, the amplitude and frequency of the wave increase with time; special 
methods to extract these “chirp” signals from both random and systematic noises 
have been developed (Tinto and Armstrong, 1991; Anderson et al., 1993; Bertotti 
et al., 1994; Bertotti, 1997; less and Armstrong, 1997; Bertotti et ah, 1999). Very 
close to coalescence, physical processes become more complicated and templates 
may at best be a rough approximation to the emitted waveforms. 

The existence of binary sources has become increasingly plausible with the re- 
cent observations of supermassive objects in galactic nuclei, together with evidence 
for the frequent merging of galaxies in the early universe when their spatial density 
was much higher than at present. Cassini should be able to detect signals of this 
type, if they are present in the Doppler frequency band with the expected strength, 
well beyond the Virgo cluster (~17 Mpc), thus including thousands of candidate 
galaxies. 

The gravitational wave search on the Cassini mission has been the most sensi- 
tive Doppler experiment ever performed. The experiment has been repeated three 
times during the cruise period from Jupiter to Saturn; i.e., when the spacecraft 
was the antisolar direction from earth (November 2001-January 2002; December 
2002-January 2003; December 2003-January 2004). At each opposition, Cassini 
has been Doppler-tracked as continuously as possible for 40 days. Around-the- 
clock tracking required using all three deep space network (DSN) complexes 
(Goldstone, Madrid, Canberra), and may be supported additionally by non-DSN 
radio antennas in Italy. The highest sensitivity was achieved with DSS-25, a 
beam waveguide antenna located at the Goldstone complex, which has been 
carefully designed for the utmost in frequency stability and which has Ka-band 
uplink, precision frequency standards, and advanced tropospheric correction 
equipment. 

Cassini at opposition became one of the largest gravitational wave antenna’s 
ever used (~8 AU in length), attaining by far the highest sensitivity to date for 
gravitational waves at the lower end of the low-frequency band. 
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2.1.2. Techniques 

Detection methods for gravitational radiation depend on the time scale of the ra- 
diation. At high frequencies the main techniques are resonant bars and laser inter- 
ferometers. These techniques achieve excellent sensitivity in the Fourier frequency 
band where they operate. For frequencies lower than about 10 Hz, however, it be- 
comes prohibitively difficult to isolate these detectors from seismic noise, other 
acoustic noise in the environment, and from uctuating gravity gradients. For obser- 
vations of sources radiating in the low frequency band (approximately 0.0001 Hz, 
or lower, to 0.01 Hz), the detector must be spacebome. Although at the moment the 
low-frequency band is explored by means of Doppler tracking, the next generation 
of space-based detectors will soon become a reality with the launch of the USA 
mission, jointly funded by NASA and ESA (Bender et al., 1998). For very-low fre- 
quencies (below about 10“^ Hz) pulsar timing can be used to search for stochastic 
gravitational waves. 

In the spacecraft technique, the earth and a distant spacecraft act as separated test 
masses. The Doppler tracking system measures the relative dimensionless velocity 
of the earth with respect to the spacecraft 



2 



Av 



c 




( 1 ) 



as a function of time; Av is the perturbation of the Doppler frequency from Avq, 
the nominal radio frequency. A gravitational wave of amplitude h incident on the 
system causes small perturbations in the tracking record. These perturbations are 
of order h in y and are replicated three times in the Doppler data (Estabrook and 
Wahlquist, 1975). That is, the gravitational wave signal in the observed Doppler 
time series is the convolution of the waveform 



5(t) = (l-/x^) 'n- [/z+(t)e+-h/7x(0ex] -n (2) 

with the three-pulse response function 

r(t) = -ns(^t-{\ + /x)^^ + - 2^) (3) 

Here fj. is the cosine of the angle between the earth-spacecraft vector and 
the gravity wavevector, L is the earth-spacecraft distance, n is the unit vector 
from the earth to the spacecraft, h+(t) and /zx(0 are the gravity waveforms for 
each polarization and e+ and Cx are transverse, traceless polarization tensors (Es- 
tabrook and Wahlquist, 1975; Wahlquist et ai, 1977; Wahlquist, 1987). The sum of 
the three pulses is zero; hence burst waves having a duration longer than about 
Lie overlap in the tracking record and the net response cancels to first order. 
The tracking system thus has a passband where it has maximum sensitivity: be- 
low about c/L, by pulse cancellation, the response is proportional to /; thermal 
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noise in the radio system and the short-term stability of the frequency standard 
to which the Doppler system is referenced limits the high-frequency response to 
/ ^ 0.1 Hz. 

2.1.3. Major Requirements 

The anticipated signal amplitudes depend on the source generating the wave and the 
earth-source distance, but are in any case expected to be small. Since the resulting 
perturbations in the Doppler record are also expected to be small, careful attention 
to noise and systematics is required. 

Non-signal fluctuations in the Doppler time series are caused by charged parti- 
cle scintillation, tropospheric scintillation, antenna mechanical noise, clock noise, 
spacecraft unmodeled motion, ground electronic noise, thermal noise in the radio 
link, spacecraft electronics noise, and systematic errors. The extent to which these 
noises affect the ultimate sensitivity, depends on the gravity waveform because 
the noises enter the observable with different transfer functions (e.g., Wahlquist 
et al., 1977; Estabrook, 1978; Armstrong, 1989; Bertotti et ah, 1999). However, it 
is clearly important to minimize the absolute level of the noises. (A more complete 
discussion of the error budget for precision Doppler tracking, with particular atten- 
tion to the Cassini gravitational wave experiment, is given in Armstrong (1998), 
Tinto and Armstrong (1998) and Asmar et al. (2004)). 

Obviously any unmodeled motion of the spacecraft itself enters directly in the 
Doppler record. Thus the Cassini gravitational wave experiment requires that activ- 
ity on the spacecraft causing unmodeled motions be minimized during gravitational 
wave observations. 

Propagation noise (“scintillation”) arises from irregularities in the refractive in- 
dex along the radio path. These fluctuations randomly advance and retard the phase 
of the wave and thus cause frequency fluctuations. Charged particle scintillation, 
which is dominated by solar wind scintillation, can be minimized by observing at 
large sun-earth-spacecraft angles and by observing at high-radio frequency. The 
Cassini gravitational wave experiment thus requires that observations be made in 
the antisolar direction. The Cassini gravitational wave experiment has been the first 
scientific user of Ka-band (~32 GHz) up and downlinks. This has dramatically 
reduced the contribution of charged particle scintillation relative to previous exper- 
iment. Scintillation in the neutral atmosphere is an important noise source. Cassini 
gravitational wave experiments requires water-vapor radiometers colocated with 
DSS-25 (the DSN Ka-band uplink station) to estimate and remove the tropospheric 
scintillation to acceptable levels. 

Clock noise is fluctuation in the frequency standard that drives the Doppler sys- 
tem. This noise is fundamental and must be minimized for a successful experiment. 
Cassini-era frequency standards have been engineered for excellent stability in the 
Fourier band of interest to the gravitational wave experiment and are expected to 
enter the observable at a noise level less than or comparable to the other principal 



noise sources. 
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Antenna mechanical noise is physical motion of the antenna and feed system as 
the ground antenna moves to track the spacecraft, deforms under gravity, distorts 
due to wind, etc. This noise source has been negligible in previous gravitational 
wave experiments, but has been detected at the excellent sensitivity of the Cassini 
Ka-band system. 

2.2. Conjunction Experiments 

Radio science experiments near solar conjunctions have been exploited for tests 
of general relativity and probing of the solar corona. The unique radio system 
of Cassini allows singling out plasma effects on carrier phase and is therefore 
expecially suited for Doppler measurements near the sun. The 2002 Cassini solar 
conjunction experiment has yielded the most accurate test of general relativity so 
far. 

2.2. 1 . A New Test of General Relativity 
22.1.1. Scientific Objectives. The gravitational deflection of light rays, a cru- 
cial test of the theory of general relativity, has been performed so far with two 
methods: 

- by measuring the differential deflection of the apparent position of stars or radio 
sources near the Sun; 

- by measuring the change in the light transit time from a spacecraft near solar 
conjunction. 

Within the parametrized post-Newtonian (PPN) (Will, 1993) approximation in 
its minimal form, in which the metric depends on two dimensionless parameters 
Y and f, these effects are controlled by y. Before the Cassini experiment this 
parameter was constrained to be within 10“^ of unity, the general relativistic value. 
Several experiments have been done in the past, all more or less with similar 
results, and it was apparent that new ideas and instrumentation were needed to 
obtain a major increase in accuracy. It is remarkable that the test performed more 
than 20 years ago by measuring the two-way travel time of radio signals from 
the earth to the Viking landers (Reasenberg et al., 1979; Borderies et al., 1980) 
has been marginally improved only very recently (Eubanks et al., 1997), using 
more accurate VLBI (very-long-baseline interferometry) techniques for precision 
deflection measurements. 

In the past, these experiments have played an essential role in the rejection of 
several alternative theories of gravity and in strengthening our confidence in the 
theory of general relativity. The main candidate for an alternative theory within this 
constraint is a scalar held coupled to the metric, which is the most obvious way to 
produce an inflationary cosmology; as the Universe starts its decelerated expansion 
phase, this held becomes progressively weaker, but its remnant, still present today, 
determines a small correction to the parameters y and fi. In the absence of a 
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reliable theory of inflation, it is difficult to assess the order of magnitude of these 
corrections; however, values from 10“^ to 10“^ have been considered (Damour and 
Nordtvedt, 1993). It is therefore most important to devise new methods to improve 
the measurement of y . 

The new technological developments required by the Cassini mission, in par- 
ticular, the use of Ka-band radio links have allowed us to test general relativity 
to a substantially greater accuracy. The outstanding radio system of the spacecraft 
and ground station allows a nearly complete calibration of the plasma noise and 
an unprecedented stability of the interplanetary link. A crude estimation of the ex- 
pected accuracies (less et ai, 1999) indicated that y could be measured to levels of 
about 10“^, almost two orders of magnitude better than the previous experimental 
accuracy. The analysis of the data aquired between June 6 and July 5, 2002 fully 
confirmed the expectations: the experimental value for y was found to be i -|- (2.1 
± 2.3) (Bertotti et al., 2003). 

2. 2. 1.2. Techniques. The measurement of y with Cassini is based upon a third, 
new observable: the frequency shift induced on a radio wave when the spacecraft 
is near solar conjunction (Bertotti and Giampieri, 1992; less et al., 1999). Solar 
gravity has an effect on the frequencies of photons, since the relative frequency 
shift y = Av/v due to the solar metric is just a time derivative of the delay of radio 
signals measured in space experiments: 
d 

y = -At, (4) 

dt 

where 

T\ To 4 “ 1*12 

At - (1 + y)Mo In (5) 

'*1 + 1*2 — 1*12 

expressed in terms of the geometrical units in which G = c = landM© = 5/xs,has 
the well-known dependence on the sun-earth, sun-spacecraft and earth-spacecraft 
distances i*i, 1*2 and 1 * 12 . For a two-way link, as in the case of Cassini, y is actually 
the sum of two contributions, respectively from the uplink and the downlink. Near 
conjunctions. Equation (5) can be approximated using the impact parameter h of 
the beam: 

Ar=^2(l + y)Moln^. (6) 

The corresponding value of y is therefore 

y^A(\ + y)^h. (7) 

h 

In the case of Cassini, with a nearly grazing conjunction, y ~ 10“^, five orders 
of magnitude larger than the expected stability of the radio link at time scales of 10^ 
s (oy = 3 X 10“^^). This rough comparison indicated that the Cassini experiment 
could lead to a test of general relativity with unprecendented accuracy. 
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Another instructive way of looking at this experiment is to consider the effect on 
the frequencies as a consequence of the solar gravitational deflection. For a beam 
with impact parameter h, the deflection angle 

Mq 

5 = 2(l + y)^ (8) 

b 

changes in time, therefore producing a variation in the direction of arrival n of 
photons. Since the observable quantity is essentially the radial velocity v • n of 
the spacecraft with respect to the earth, a deflection by an angle 8 changes n and 
therefore produces an additional velocity along the line of sight of order u<5. Again, 
for a grazing incidence, this amounts to approximately 10“^. 

The relativistic Doppler signal evolves over time scales of order ^(orbital ve- 
locity) ^10^ s. Thus, a Doppler experiment requires short observation periods to 
minimize the effects of non-gravitational accelerations. On the other hand, large 
Doppler signals are obtained only at small impact parameters, when the radio beam, 
well inside the solar corona, undergoes strong frequency fluctuations. Until the re- 
cent implementation of multi-frequency radio links at X- and Ka-bands, which 
allows a full plasma calibration, Doppler experiments could not compete with the 
more familiar tests based on range measurements. 

The main hindrance to precise measurements near conjunctions is indeed the 
solar corona, whose large and changing electron density induces severe propagation 
effects. In the past, spacecraft tracking near solar conjunction using S- and X-band 
radio links has provided important information about the coronal plasma. Since the 
coronal contribution to the fractional frequency change y is inversely proportional 
to the square of the carrier frequency v, the noise due to the corona is particularly 
large at the lower frequencies, such as S-band. With Cassini, besides the standard 
communication link in X-band (7. 1-8.4 GHz), an additional link in Ka-band (32- 
34 GHz) was available, with two neighbouring downlink carriers driven by the 
Ka-band uplink and the X-band uplink, respectively. This configuration, with multi- 
frequency transmission from the ground and the spacecraft, will allow for the first 
time a complete plasma calibration both in the uplink and the downlink (Bertotti 
et al., 1993). Moreover, the use of higher frequency carriers makes the link nearly 
immune to frequency jitter and cycle slips. The experimental results showed an 
excellent phase stability (about 2 x 10^'^ or smaller), a value generally obtained 
close to solar opposition (Tortora et al., 2003; Tortora et al., 2004). 

2. 2. 1.3. Major Requirements. The experiment was planned during two useful 
conjunctions in the cruise phase, in June 2002 and June 2003, at times when there 
was very little activity on the spacecraft. Unfortunately, due to a malfunction of 
the key onboard instrument (the Ka/Ka frequency translator, see sect. 3.2), only the 
data collected in 2002 have been used. The very small inclination of the Cassini 
orbit makes the geometry of the experiment particularly favorable, with a minimum 
impact parameters of 1.6 Rq. The main tracking station was DSS-25, the only DSN 
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Station capable of supporting a full multi-frequency link (with uplink both at X- 
and Ka-band). 

Measuring / to levels of 10“^ requires a very stable radio link, with an accurate 
calibration for the effects of the media (solar corona and troposphere). The instru- 
mental specifications set by the gravitational wave experiments are adequate, but 
now the complete multifrequency link becomes essential. 

While the two experiments share a good degree of commonality (after all, they 
are based upon the same observable), the different time scales of the signal introduce 
new and subtle problems in the analysis of conjunction data. As the relativistic effect 
evolves overtime scales of, say, 10^ s (i.e., longer than the period of gravitational 
waves considered so far) the orbital contribution to the Doppler shift needs to be 
determined with great accuracy. Polar motion, earth solid tides and errors in the 
station locations give important effects to be accounted for. Other contributions 
come from non-gravitational accelerations, which are a potentially large source of 
errors in an experiment based on a free flying spacecraft. Fortunately, the large 
distance from the sun and the nearly constant solar aspect angle make these errors 
quite small or easily accounted for in the data analysis. 

2.2.2. Study of the Solar Corona 

Tracking interplanetary spacecraft near solar conjunction has provided a wealth of 
information on the structure of the solar corona and the origin of the solar wind. This 
powerful tool, in combination with SOHO’s ultraviolet coronograph spectrometer, 
has been used recently to locate the sources of the slow wind, which stems from 
the stalks, narrow structures of the sun’s streamer belt (Woo and Habbal, 1997). 
The same measurements seem to indicate also that the conventional understanding 
of the nature of the fast wind needs to be modified. It is likely that in the next years 
new measurements and observations will be required to confirm the new, emerging 
views on the solar wind. 

The outstanding radio system of Cassini provides a unique opportunity for solar 
physics as well, without any additional allocation of resources from the spacecraft 
and the DSN. The effects of the solar plasma on Doppler signals are known with 
great precision separately for the uplink and the down-link paths, thanks to the 
multifrequency radio link (Bertotti and Giampieri, 1998). Moreover, the use of 
higher frequency carriers will strongly reduce the difficulties and the instrumental 
problems encountered when tracking near the sun. 

2.3. Gravitational Field Measurements and Celestial 

MECHANICS EXPERIMENTS 
2.3.1. Scientific Objectives 

23.1.1. Introduction. Over the past 35 years, radio Doppler data generated 
with interplanetary spacecraft have yielded masses and densities for all the plan- 
ets, except Pluto, as well as masses for all the larger satellites, and higher-order 
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gravitational moments are available for the planets and for Jupiter’s Galilean satel- 
lites (Anderson et al., 1996a, b, 1997a, b). With the addition of Doppler data from 
the Cassini mission we expect to improve the description of Saturn’s gravitational 
field, as well as to map Titan’s second-order field in detail. 

If a planet or satellite were perfectly spherical, its total mass would be sufficient 
to describe its external gravitational field. However all natural bodies deviate from 
spheres at some level, so what is needed is a general potential function that satisfies 
Laplace’s equation for an arbitrary distribution of mass. With the origin at the 
center of mass and coordinates r for radius, </> for latitude, and A, for longitude, 
the standard form for the gravitational potential is written as follows in terms of 
spherical harmonics and the Legendre functions 



where M is the planet or satellite’s mass, the external field is referred to a reference 
radius R (usually the planet’s mean equatorial radius, but sometimes the semi- 
major axis of a reference ellipsoid); G is the gravitational constant. The gravity 
coefficients C„„, and Snm are determined from the Doppler data by iterative linear 
weighted least squares. A particular coefficient with indices nm is referred to as a 
gravity harmonic of order m and degree n. Coefficients with m = Q are called zonal 
harmonics, coefficients with n = m are called sectorial harmonics, and the rest are 
called tesseral harmonics. Zonal harmonics divide the surface of the sphere into 
m + \ zones of latitude, sectorial harmonics into sectors of longitude or “orange 
slices,” and tesseral harmonics into a checker-board pattern. 

The outer planets and their larger satellites are effectively in hydrostatic equilib- 
rium. As a result, measured gravity harmonics provide important boundary condi- 
tions on their interior structure. If the giant Jovian planets and their satellites were in 
hydrostatic equilibrium and did not rotate, and if they were not subjected to external 
forces, their gravitational fields would provide no information on internal structure. 
However, because the giant planets rotate rapidly, their shapes and gravity fields 
yield information on the distribution of density with depth. The Galilean satellites 
and Titan are inuenced by comparable tidal forces from their parent planet, and 
so both rotation and tides must be accounted for. For the giant planets, the two 
parameters for shape and rotation are the flattening /and the rotation parameter q 
defined by. 







(9) 




( 10 ) 



(11) 



CASSINI RADIO SCIENCE 



11 



where a is the planet’s equatorial radius, b its polar radius, a> its rotational angular 
velocity, and G is the gravitational constant. Even without gravity measurements, the 
ratio f/q would yield some limited information on interior structure because it has a 
minimum value of 1/2 for a body with an extreme mass concentration at its center, 
and a maximum value of 5/4 for a homogeneous body. For a spinning planet in 
hydrostatic equilibrium, we assume that only the even zonal gravity harmonics J„ — 
—CnQ {n — 2, 4, 6, . . .) are non-zero. The importance of the gravity coefficients J„ 
is that they are related to the internal density distribution by the following volume 
integral over the planet’s interior 



Jn 



1 

MR" 



L 



p(r, 4 >, A)r"P„(sin (j))dv 



{n - 2,4,6...). 



( 12 ) 



The J,i coefficients represent boundary conditions that must be satisfied for any 
viable interior model. The deep interior stimulates the second zonal harmonic J 2 , 
while the outer layer is sounded by higher harmonics to a depth of about 3100 km 
for Jupiter and 3600 km for Saturn. For example, in a simple polytrope of index one, 
a reasonably good first-order approximation for Jupiter and Saturn’s outer layers, 
the pressure p and density p are related by. 



p = Kp^, 



(13) 



and the constant K is determined from the measured gravity coefficients Jj and J 4 
by the expression. 



InGb^ 

35/4 




(14) 



For nonpolytropic models, a general density distribution with depth can be derived 
from measured gravity coefficients J 2 and J 4 . The coefficient Jf, may also be useful, 
although differential rotation and deep atmospheric winds may complicate its in- 
terpretation. With a given density distribution, the pressure can be computed under 
the assumption of hydrostatic equilibrium, and the temperature follows from the 
equation of state for the assumed material in the outer layer. 
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23.1.2. Objectives for Saturn. The scientific objectives at Saturn are to: 

- determine the mass of Saturn and its zonal gravitational harmonics, at least 
through degree six; 

- constrain models of Saturn’s interior. 

The product of the gravitational constant by Saturn’s mass, GMs, has been 
determined to considerable accuracy from Pioneer and Voyager flybys (Campbell 
and Anderson, 1989). After dividing by G = 6.67259x 10“^° km^ s“^kg“' (Cohen 
and Taylor, 1987), we obtain a total mass M$ = (5.68464 ± 0.0003) x 10^^ kg. A 
fundamental constraint on interior models is that this total mass must be contained 
within an equipotential surface defined by Saturn’s mean equatorial radius, R$ = 
60,268 km (Lindal et al., 1985). The shape of the equipotential surface is defined 
by the zonal harmonics, which also serve as additional boundary conditions on 
interior models. The current unnormalized values, in units of 10^®, from Pioneer 
and Voyager Doppler data are (Campbell and Anderson, 1989) 

72 = 16332 ± 10, (15) 

74 = -919 ±40, (16) 



Current interior models based on these values are nonunique (Guillot et al., 
1994), although some fail to satisfy the more rigid observational constraint given 
by Campbell and Anderson (1989), 



where the S corrections are with respect to the values of Equations (15)-(17). Be- 
cause interior models are fundamentally constrained by the gravitational moments, 
improvements in accuracy by means of Cassini radio Doppler data may yield a bet- 
ter understanding of Saturn’s interior. The Cassini mission can provide improved 
determinations for all three zonal harmonics. Our best estimate of the expected 
one-sigma accuracy, again in units of 10“®, is ±0.1 for 72, ±0.4 for 74 , and ±1.5 
for 76. In addition, the Cassini mission should improve other important parameters, 
most notably the rotational period of Saturn’s magnetic field (10.6549 h) (Davies 
et al., 1983), its intrinsic power output (8.63 x 10'® Js“') and internal energy 
flux (2.01 Jm“^s“') (Hanel et al., 1983), the temperature of the atmosphere at 
the one bar level (134 K) (Lindal et al., 1985), and the mean equatorial radius. 
These various boundary conditions must be satisfied by solving the nonlinear dif- 
ferential equations for the interior structure (see for example Guillot et al., 1994). 
Post-Cassini models may lead to a better understanding of the energy transport in 
Saturn’s interior and consequently to a better understanding of its cooling history 
and evolution. 



7e = 104 ± 50. 



(17) 



10.23572 ± 2.20574 - 3.135761 < 1, 



(18) 
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2.3.13. Objectives for Titan. The Radio Science gravitational scientific objec- 
tives at Titan are to: 

- determine the mass of Titan and its low degree and order gravitational harmonics 
Ui, C22)', 

- measure the tidal variation of Titan’s gravitational quadrupole moments; 

- constrain models of Titan’s interior. 

a) Determine Titan’s mass and low degree and order gravity field: The most 
accurate determination of Titan’s mass Mj has been obtained by a combination 
of radio Doppler data from Pioneer 1 1 , Voyager 1 and Voyager 2 (Campbell and 
Anderson, 1989). Voyager 1 encountered Titan at a closest approach distance of 
6500 km. Pioneer 1 1 and Voyager 2 encountered Titan at much farther distances of 
363,000 and 666,000 km, respectively. The best current value of GMT is 8978.2 ± 
1 km^ s“^. 

None of the Titan encounters has yielded any information on gravitational har- 
monics beyond the zero-degree mass term. The values of J 2 and C22 can be derived 
theoretically by assuming that Titan’s low degree and order gravitational field reects 
the satellite adjustment to the perturbing potentials excited by Titan’s rotation and 
by Saturn’s tides. The static part of the perturbing potential produces a permanent 
deformation of the body with coefficients (Rappaport et al., 1997) 



in Titan’s principal axes of inertia frame. In Equations (19) and (20), Rj is Titan’s 
equatorial radius, aj is Titan’s orbital semi-major axis, and ki is the fluid Love 
number. For a homogeneous uid, ki = 3/2, but it could be as much as two times 
smaller if there were substantial central condensation in the interior of Titan. Note 
that for all possible internal mass distributions in hydrostatic equilibrium, J 2 is 
exactly 10/3 of C 22 . 

An order of magnitude calculation (Rappaport et al., 1997) indicates that mea- 
surements of the Doppler frequency shift in the two-way radio signal between the 
Cassini spacecraft and a ground station will allow an excellent determination of J 2 
and C 22 with absolute accuracy of order 



where we assume the distance at closest approach h is twice Titan’s radius Rj, c 
is the speed of light, the spacecraft’s speed u ~ 5 kms“', and the Allan deviation 
of the Cassini radio signal over a typical Doppler integration time is (jy ~ 10“^'^. 




(19) 




( 20 ) 




( 21 ) 



14 



A. J. KLIORE ET AL. 



Equation (21) is consistent with results for Ganymede obtained with the Galileo 
spacecraft (Anderson et al., 1996b). 

An analytical covariance analysis (Rappaport et al., 1997) suggests that Ji and 
C22 can be measured with the Cassini mission to an absolute accuracy between 
10^^ and 10“^, which is consistent with the rough estimate of Equation (21). That 
covariance analysis allows us to estimate the accuracy afforded by various flyby 
geometries. Eavorable conditions include a small impact parameter, a small flyby 
velocity, a velocity at closest approach not too far from the line of sight, and an 
asymmetric flyby with respect to Titan’s principal axes of inertia. 



hj Determine tidal variation of Titan’s quadrupole moments'. In addition to a 
permanent deformation. Titan must undergo a periodic deformation in response 
to the changing tidal force caused by the significant eccentricity of Titan’s orbit. 
The periodic tidal perturbation has a frequency equal to Titan’s orbital angular 
frequency, and Titan’s response is fundamentally different from its static response. 
While Titan responds more or less as a fluid body to the static potential, it responds 
as an elastic body to the periodic potential. 

The tidal variation of Titan’s quadrupole moment is described in terms of (Rap- 
paport et al., 1997) 



/S.J 2 — 



3ic2 Ms 



(A) 



AC22 — 



3k2 Ms 
4 Mj 




3 

e cos / 



I I X 2.58 X 10 ^cos /, 

VO.015/ 

( — - — I X 1.29 X 10“^cos /, 

Vo. 015 / ■' 



( 22 ) 

(23) 



where e = 0.029 is Titan’s orbital eccentricity, f is its true anomaly, and ^2 is the 
Love number of degree 2 (Love, 1906). Eor an incompressible body with uniform 
density p (for Titan, p = 1-88 g cm“^) and elastic shear modulus (or rigidity) /x. 



312 

1 + 19/xRt/2GMtp' 



(24) 



While deviations from incompressibility and homogeneous density require only 
small corrections to Equation (24) (Kaula 1964), a varying rigidity has important 
consequences (Cassen et al., 1982). 

The rigidity of Titan is highly uncertain. Eor a range of rigidity’s values from 
/X = 4 X 10*® dyne cm“^ (appropriate for an icy body) to /x = 7 x 10** dyne cm“^ 
(appropriate for a rocky body) we obtain a range of values of Ic 2 from 0.22 to 0.015. 
It follows that the amplitudes of variations of J 2 and C 22 (estimated in Equations 
(22) and (23) to be 2.6 x 10“^ and 1.3 x 10“^, respectively) could be as much as 
15 times larger. Erom covariance analysis results we conclude that a determination 
of i <2 to within 0.05 absolute accuracy is possible. 

c) Constrain models of Titan’s interior. The assumption of hydrostatic equi- 
librium will be tested by determining J 2 and C22 (Hubbard and Anderson, 1978). 
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Indeed, important departures from hydrostatic equilibrium would invalidate the 
relationship between Jj and C 22 . 

If the assumption of hydrostatic equilibrium is verified, then the value of will 
provide the value of the greatest moment of inertia C from the Radau equation (see 
Hubbard, 1984) 



The value of C /(MjRj) depends on the degree of differentiation of the body. It 
will be compared to values predicted by various models of internal structure (e.g., 
Sohl et ai, 1995). 

Finally, the value of kx will be used to distinguish between volatile-rich and 
volatile-poor models of Titan (Stevenson, 1992). The above-mentioned range of 
kx values (from 0.22 to 0.015) represent the extreme range from volatile rich to 
volatile poor models. Volatile-rich models are so-called because they have a deep, 
internal, water-ammonia ocean (Lunine and Stevenson, 1987; Cynn et ai, 1989; 
Grasset and Sotin, 1996). These models are supported by our ideas of the formation 
of satellites, but imply large amounts of methane which could be present in part as 
surface hydrocarbon oceans. These seem inconsistent with a primordial origin of 
Titan’s orbital eccentricity (Sohl et al., 1995). Indeed, oceanic tidal friction would 
have circularized Titan’s orbit by now. 

On the other hand, the volatile-poor models, in which Titan’s mantle is com- 
pletely solid, are consistent with a primordial orbital eccentricity, but have cos- 
mogonic problems described by Stevenson (1992). 

These problems lead us to briey re-examine underlying assumptions concerning 
Titan’s orbital eccentricity and Titan’s formation; such ideas can be tested by the 
gravity measurements. 

Early work by Sagan and Dermott (1982) implicitly assumed that Titan’s orbital 
eccentricity is primordial. These authors identified two scenarios consistent with the 
persistence of eccentricity in the presence of tidal dissipation: either Titan is covered 
by a nearly global methane ocean deeper than 400 m, or there is no methane ocean 
on the surface. The first picture was favored because such an ocean would resupply 
the atmosphere in methane and hence balance atmospheric methane destruction by 
photolysis, which will remove the present atmospheric inventory in 107-108 years 
(Yung et al, 1984). 

However, the speculated global ocean was dispelled by radar (Grossman and 
Muhleman, 1992; Muhleman et al., 1990, 1992) and infrared (Griffith, 1993; 
Lemmon et al., 1993; Coustenis et al., 1994; Han and Owen, 1994; Smith et al., 
1994) observations of Titan, although these allow for seas or lakes. 

Sears (1995), using a more sophisticated tidal dissipation model than Sagan 
and Dermott (1982), concluded that even ignoring land masses, the present orbital 
eccentricity of Titan requires that the depth of any global ocean be at least 500 m. 




(25) 
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Demiott and Sagan (1995) found that confining the fluid on Titan to a number of 
disconnected seas or crater lakes greatly extends the damping timescale of Titan’s 
orbital eccentricity. One problem with this idea is that restricted seas and crater 
lakes may not contain sufficient amount of methane to resupply the atmosphere 
over the age of the solar system (Lunine, 1996). Stevenson (1992) suggested that 
the hydrocarbon ocean is stored in porous spaces and caverns within the upper crust 
of Titan. This model may reconcile the need for a reservoir of hydrocarbons with 
the tidal argument against a global ocean, though it demands a rather porous crust. 

Lorenz et al. (1997) proposed the idea that Titan’s atmosphere may be unstable 
and exists only episodically in its present extensive state. This model may be able 
to solve the eccentricity problem if Titan’s surface remains frozen for long periods 
of time corresponding to epochs in which the atmosphere is collapsed. 

Finally, the possibility remains that Titan’s orbital eccentricity was produced 
recently (less than several hundred million years ago) by a large impact, though 
few bodies larger enough to do so are expected to exist on highly eccentric orbits. 

If Titan formed around Saturn, an ammonia-water layer may have formed inside 
Titan and persisted (Grasset and Sotin, 1996). 

However, Prentice (1980, 1984) suggested that Titan could be a captured moon 
of Saturn. Lewis and Prinn (1980) showed that only small amounts of methane and 
ammonia were present in the solar nebula, so that Titan could have formed as a 
volatile-poor body. If produced from solar nebula material in the vicinity of Saturn’s 
orbit, then Zahnle et al. (1992) and Griffith and Zahnle (1995) showed that volatiles 
could have been delivered to Titan by comets. Impact-driven chemistry (Jones and 
Lewis, 1987) would have led to production of organic compounds in a manner which 
may or may not be compatible with Titan’s atmosphere and surface composition, but 
some comets themselves contain significant complements of organic compounds 
which may survive impact on Titan. 

2. 3. 1.4. Objectives for the Icy Satellites. The radio science gravitational scien- 
tific objectives at the icy satellite are to: 

- determine the gravity fields of Enceladus and Rhea (Jj, C 22 ); 

- determine the masses of Mimas, Tethys, Dione, Hyperion and Phoebe. 

a) Enceladus’ gravity field: Enceladus is a special focus of interdisciplinary 
science in the Cassini mission. Indeed, two major objectives of the Cassini Satel- 
lite Surface Working Group are to acquire optical remote sensing observations of 
Enceladus and to measure its gravity field. 

This interest is explained by the intriguing characteristics of Enceladus, among 
which figures the remarkably high and uniform albedo and the presence of old and 
recent terrains. The mean geometric albedo is close to unity, and the total range 
of albedo over the surface is 20%. This is even more intriguing considering that 
Enceladus topography contains both old cratered terrains dating from the period of 
heavy bombardment and smooth terrains recently resurfaced, indicating endogenic 
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activity. Buratti (1988) investigated the photometric properties of Enceladus and 
concluded that the satellite is completely covered hy a young, bright surface layer. 
Buratti argues that the E-ring, whose thickness peaks at the orbit of Enceladus, 
is the most likely source for this layer, and that the E-ring itself is probably the 
result of active surface processes on Enceladus. Alternatively, the bright surface of 
Enceladus may result from dissipation associated with tidal interactions, perhaps 
with Dione. 

Enceladus ’s mean radius is ~250 km. How can such a small satellite have un- 
dergone substantial evolution? This may be due to the fact that ammonia ice, which 
plays an important role in lowering the melting point, may have been incorporated 
into Enceladus. Evidently, the surface properties alone are insufficient to provide 
information on the interior composition. To understand the nature and history of 
Enceladus and the other Saturn’s satellites, modeling of the interiors and of the 
thermal evolutions is in order. 

As far as Enceladus is concerned, even the most basic parameter, i.e., the mass 
density, is very poorly known. Indeed, the mass of Enceladus is know with about 
50% accuracy. Assuming GMe — 4.9 km^ s“^ (Campbell and Anderson, 1989), 
hydrostatic equilibrium, and a value of the fluid Love number equal to half its value 
for a homogeneous body, we obtain Jj = 0.0056 and C 22 = 0.0017. 

A determination of the mass of Enceladus and of its harmonic coefficients of 
degree 2 from data acquired during a targeted flyby will allow us to determine the 
greatest moment of inertia from Equation (25), and hence to constrain models of 
internal structure. 

b) Rhea’s gravity field: With a radius of 765 km, Rhea is the largest satellite 
of Saturn after Titan. This is the reason why Rhea was selected for gravity field 
determination. Recently, Anderson et al. (1996a, 1996b) came to the surprising but 
inescapable conclusion that both lo and Ganymede contain large metallic cores. It 
will be very interesting to find out whether the smaller Rhea is differentiated and 
to compare its internal structure to that of Titan and Enceladus. In this regard, note 
that distinct terrain ages and endogenic resurfacing were suggested by Plescia and 
Boyce’s (1982) discovery that two polar regions have retained large craters while 
they are absent in another region near the equator. 

c) Icy satellites’ masses: The objective is to determine the masses of the icy 
satellites (especially Mimas, Tethys, Dione, Hyperion and Phoebe) in order to 
determine their mean density to high accuracy, and hence constrain their bulk 
composition. This is essential for an improved understanding of their dynamical 
behavior and evolution. Tyler et a/. (1981) determined the masses of Titan and Rhea 
from Voyager 1 radio science measurements at Saturn, and Voyager 2 permitted 
Tyler eta/. (1982) to determine the masses of Tethys andlapetus. Using the mass of 
Tethys in combination with the theory of the Tethys-Mimas resonance, they derived 
the mass of Mimas. Campbell and Anderson (1989) used the combined data set 
of Pioneer and Voyager data to redetermine the masses of Tethys, Rhea, Titan and 
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TABLE I 

Masses of the large icy satellites of Saturn. 



Satellite 


Mass 
(xl023 g) 


Reference 


Mean Radius 
(x 10^ cm) 


Reference 


Density 
(g cm”3) 


Mimas 


0.46 


±0.05 


Tyler etal, 1982 
(derived) 


196 ±3 


Smith et al., 
1982 


1.46 ±0.23 




0.375 


± 0.009 


Kozai, 1976 


198.6 ± 0.6 


Davies et al., 
1996 


1.14 ±0.04 


Enceladus 


0.74 


±0.36 


Kozai, 1976 


250 ± 10 


Smith et al., 
1982 


1.13 ±0.69 




0.74 


±0.36 


Kozai, 1976 


249.4 ± 0.3 


Davies et al., 
1996 


1.14 ±0.56 


Tethys 


7.55 


±0.90 


Tyler et al., 1982 


530 ± 10 


Smith et al., 
1982 


1.21 ± 0.21 




6.22 


±0.13 


Kozai, 1976 


529.8 ± 1.5 


Davies et al., 
1996 


1.00 ±0.03 


Dione 


10.52 


±0.33 


Kozai, 1976 


560 ±5 


Smith et al., 
1982 


1.43 ±0.08 




10.52 


±0.33 


Kozai, 1976 


560 ±5 


Davies et al., 
1996 


1.43 ±0.08 


Rhea 


24.9 


± 1.5 


Tyler et al., 1981 


760 ±5 


Smith et al., 
1982 


1.33 ± 0.11 




23.1 


±0.6 


Campbell and 
Anderson, 1989 


764 ±4 


Davies et al., 
1996 


1.24 ±0.05 


lapetus 


18.8 


± 1.2 


Tyler et al., 1982 


730 ± 10 


Smith et al., 
1982 


1.15 ± 0.12 




15.9 


± 1.5 


Campbell and 
Anderson, 1989 


718 ±8 


Davies et al., 
1996 


1.02 ±0.13 



lapetus, but recommended the earlier ground-based determination (Kozai, 1957) 
for Tethys. No mission has yet yielded the masses of Mimas, Enceladus, Dione, 
Hyperion and Phoebe. 

Mass, size and density for the intermediate-size satellites are listed in Table I. 
For each satellite, the density on the first line is computed from the mass determined 
or recommended by Tyler et al. (1982) and the mean radius determined by Smith et 
al. (1982) from Voyager images. The density on the second line is computed from 
the mass determined or recommended by Campbell and Anderson (1989) and the 
mean radius from Davies et al. (1996). 

Phoebe, on an inclined, retrograde orbit, may be a captured object. Determining 
the density of Phoebe is important to find out whether or not Phoebe is asteroidal 
in nature. 
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2.3.2. Techniques 

2.32.1. Saturn. Cassini will orbit Saturn at a fairly wide range of periapsis radii 
between 1.3 and 7.3 Rs, at inclinations between 0° and 85°, and with a wide range 
of orbital periods from 3 months to 8 days. By fitting a second degree and order 
gravitational field, in addition to J 4 and yg, to the radio Doppler data, the mapping 
of Saturn’s gravitational field will be complete. 

Flybys of Saturn on previous NASA missions occurred at periapsis radii of 1.34 
Rs for Pioneer 11, 3.05 R$ for Voyager 1, and 2.67 R$ for Voyager 2. However, the 
Pioneer 1 1 Doppler noise is a factor of 260 times that expected from the Cassini 
X-band data, while the Voyager noise is a factor of 12 larger than the expected 
Cassini noise. Given the improved Doppler accuracy for Cassini, and the expected 
smaller non-gravitational accelerations, plus the advantage of multiple orbits of 
Saturn, it is realistic to expect a factor of 100 improvement over Pioneer 11 and 
Voyager in our knowledge of Saturn’s gravitational moments. 

The radio Doppler data may be complemented by the reduction and anal- 
ysis of imaging data for the study of the orbital mechanics of smaller inner 
satellites and eccentric ringlets. It was demonstrated during the Voyager mission 
that such orbital data can place independent constraints on Saturn’s gravitational 
field (Nicholson and Porco, 1988), which when combined with the radio Doppler 
data, provide significantly better determinations of the higher-order gravitational 
moments. 

2. 3. 2. 2. Satellites. The gravity fields of Titan, Enceladus and Rhea will be de- 
termined by the same type of global technique as used for Saturn. 

The tidal variation of the low degree and order gravity field will be measured 
from independent determinations of Jj and C 22 obtained from flybys occurring near 
Titan’s periapsis and apoapsis. 

2.3.3. Major Requirements 

2. 3. 3.1. Saturn Requirements. The major requirement for the determination of 
the gravitational moments is to obtain coherent X-band Doppler data over an interval 
of 5 h, centered on the closest approach in each Saturn orbit. Outside of closest 
approach, the data do not need to be continuous, but we require as nearly continuous 
data as possible for an interval of ±4 h. Although our covariance analysis, based 
on an assumed Allan deviation of 2 x 10“^'^ at a 1000 s integration time, is valid for 
X-band tracking only, the determination of Saturn’s gravitational field will most 
likely be improved further with a dual-band radio capability at X- and Ka-bands. 
The most significant enhancement will be the relative insensitivity of the data noise 
to solar longation angle, thereby enabling a high quality moment determination on 
every orbital revolution. 

The best orbits of opportunity are those with periapsis radii of less than 4.5 Rs. 
About 40 such opportunities are anticipated. The first and closest orbit at 1.3 Rs 
will receive the highest priority. A wide range of inclination angles is practically 
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assured because of the mission requirement to raise the inclination to a near polar 
orbit during orbits 34-59. 

In principle, we require that there be no spacecraft maneuvers or momentum 
dumps of the reaction wheels during the two days of data acquisition for Saturn 
radio science. In practice, this may not be achieved. But when it is, we anticipate that 
the RSS total unmodeled acceleration by spacecraft subsystems, particularly the 
attitude and articulation control subsystem and the propulsion module subsystem, 
when inactive, will be less than 5 x 10^^“^ kms^^, about 100 times smaller than 
comparable acceleration noise on the Voyager spacecraft. 

2.3. 3. 2. Titan Requirements. 

a) Tour requirements and flybys selection'. The tour must contain at least four 
Titan flybys in the following conditions: 

- The spacecraft must not be occulted by Titan during ±2 h around closest ap- 
proach. This is to allow us to track the spacecraft. 

- The distance at closest approach Z? must be such that 1.5 < h/R'i < 2. As a matter 
of fact, a flyby such that h < 1.57?t would require firing the thrusters, which 
would introduce noise in the data. On the other hand, given that the accuracy of 
the determination is proportional to {h/Rjfl (see Equation (21)), there is a rapid 
loss of sensitivity as the flyby’s altitude is raised. 

- Two flybys must occur near Titan’s periapsis, and include one flyby at low in- 
clination with respect to Titan and another one at high inclination. Two other 
flybys must occur near Titan’s apoapsis, with the same inclination requirement. 
The inclination requirement will allow a good separation of J 2 from C 2 i- The 
Titan’s periapsis and apoapsis requirement will allow us to determine the tidal 
variations of Titan’s quadrupole moments. 

- The flybys should occur far from solar conjunction to minimize the effects of 
plasma noise. For example, plasma noise increases by two orders of magnitude 
between sun-earth-spacecraft angles of 120° and 7°. 

- Goldstone viewing by the deep space station DSS-25 is desirable because the 
use of Ka-band afforded by this station reduces the plasma noise by one order of 
magnitude. 

h) Tracking requirements'. Tracking data must be acquired continuously for ±2 
h around the time of closest approach. 

2. 3. 3. 3. Icy Satellite Requirements. 

- The determination of Enceladus and Rhea’s gravity fields requires that one tar- 
geted flyby of each satellite be dedicated to gravity field measurements. 

- Mass determination can be performed with non-targeted flybys which have a 
distance at closest approach smaller than 50,000 km and preferably smaller than 
25,000 km. Tracking data of Phoebe will be acquired during the Phoebe flyby, 
19 days before Saturn orbit insertion. 
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2.4. Ring Occultation Experiments 
2.4.1. Objectives 

Voyager observation of Saturn’s rings in 1980 provided the only radio occultation 
observation available to date of the remarkable Saturnian ring system (Tyler et al., 
1980). All features of the main ring system were probed using coherent 3.6 and 
13-cm wavelengths sinusoidal signals. Cassini ring observations will significantly 
expand on the Voyager observations, primarily taking advantage of new three si- 
multaneous wavelengths capability (0.94, 3.6, and 13 cm, or Ka-, X-, and S-bands, 
respectively) as well as multiple occultation opportunities at large, intermediate, 
and small ring opening angle B . 

2. 4.1.1. Ring Structure and Physical Properties. Analysis of the Voyager radio 
occultation observations has contributed a wealth of information regarding radial 
ring structure (Tyler et al., 1983; Marouf et al., 1986; see also maps in Rosen, 
1989), the particle size distribution of several broad ring features (Marouf et al., 
1983; Zebker et al., 1985), physical ring thickness (Marouf et al., 1982; Zebker 
and Tyler, 1984; Zebker et al., 1985), and ring dynamics (Marouf and Tyler, 1986; 
Marouf et al., 1987; Gresh et al., 1986; Rosen and Lissauer, 1988; Rosen et al., 
1991a,b). 

A small ring opening angle B — 5.9° (angle between a unit vector in the Earth 
direction and the ring plane) at the time of the Voyager observations increased the 
effective path length of the radio signal through the rings by a factor of about 10 
relative to its normal value. The increased length enhanced sensitivity to regions 
of small to moderate optical depth (Rings C, Cassini Division, and Ring A), but 
accentuated signal attenuation over most of Ring B as well as other optically thick 
ring features (Tyler et al., 1983). 

Accurate, high spatial resolution, multiple wavelengths characterization of ring 
structure and of its variability with ring longitude, ring opening angle, and time 
are major objectives of the Cassini radio science ring observations. The charac- 
terization is at the heart of understanding of ongoing physical and dynamical pro- 
cesses and is of prime importance for eventual understanding of ring origin and 
evolution. 

Radio occultation opportunities implemented early in the Cassini tour when 
the rings are nearly fully open {B ~ 20-24°) will overcome a major Voyager lim- 
itation, allowing for the first time probing at radio wavelengths of the optically 
thick Ring B, which dominates the overall mass of the ring system. The optimized 
near-diametric geometry of these occultations will yield an order of magnitude 
resolution improvement in mapping the radial structure of ring features compared 
with Voyager. Other occultations later in the mission at intermediate and small ring 
opening angle B will provide complementary information regarding vertical ring 
structure, optical depth profiles of tenuous ring features, and the variability of ring 
structure with longitude and time. 
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The Cassini observations will also determine the particle size distribution of 
major ring features, including Ring B, over the millimeters to tens of meters size 
range. Knowledge of the size distribution constrains the surface mass density of a 
ring feature if the ring material is assumed to be solid water ice. Alternatively, the 
size information may be used to constrain the material density of ring particles if 
independent estimates of the surface mass density are available from analysis of 
local dynamical features. 

The multi-wavelength observations will also yield high spatial resolution infor- 
mation regarding the abundance of millimeter to decimeter size particles within 
local ring features, a unique capability of the radio occultation observations. Of 
particular interest is mapping the possible variability in the abundance of this parti- 
cle population within dynamically active ring features (density and bending waves, 
wakes of embedded satellites, resonant edges, etc.). Interesting sorting of particle 
sizes across narrow ring features has been noted in the Voyager observations (Tyler 
et al., 1983; Marouf et al., 1986) and has motivated the proposal of innovative 
ring models to explain the observations (Eshleman, 1983; Eshleman et al., 1983; 
Michel, 1982). 

Specific objectives include: 

- High-resolution profiling of radial ring structure and characterization of its vari- 
ability with wavelength, longitude, ring opening angle, and time. Profiling of the 
relative abundance of millimeter to decimeter radius particles and characterizing 
of their variability across resolved ring features. 

- Determination of the full particle size distribution over the approximate size range 
1 mm to 20 m of broad ring features that can be resolved in the spectra of the 
near- forward scattered signal. Determination of the vertical ring structure, of the 
physical ring thickness, and of the particle packing fraction within such features. 

- Determination of ring surface mass density, ring viscosity, and bulk density of 
particle material. Characterization of the variability of these parameters among 
global ring features (A, B, C, . . .) and within local broad features. 

- Characterization of the dust abundance within the main rings, especially in dy- 
namically active regions, through collective analysis of radio, stellar, and solar 
ring occultation observations. 

2. 4. 1.2. Ring Kinematics and Dynamics. 

a) Geometry of the ring system: The Voyager 1 and 2 encounters provided a 
detailed view of Saturn’s complex ring system, with its density and bending waves 
and its non-circular features, and gave some indications about the composition and 
particle size distributions of the rings, but additional observations are required to 
refine the determination of ring orbits, the planetary gravitational field, and the 
orientation of the ring plane. This is in part because a long time baseline between 
observations is required for accurate measurement of the precession rates of nearly 
circular ring features, and also because a suite of different viewing geometries is 
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needed to constrain the direction of the planet’s spin axis. An important goal of the 
radio science ring occultation observations is to determine the absolute radius scale 
of the ring system and the instantaneous direction of Saturn’s pole to high accuracy. 

Surprisingly, the radius scale of Saturn’s rings has a much larger uncertainty 
- about 1 km - than the Uranian rings, whose orbital radii are accurate to a few 
hundred meters or less. This is because the Uranian rings have been observed us- 
ing dozens of stellar occultations over a twenty-year period, providing a dense 
set of measurements of ring occultation event times. In contrast, stellar occulta- 
tions by Saturn are much more difficult to observe because of the brightness of the 
rings in reflected sunlight. Ground-based observations of the 1989 occultation of 
a very bright star, 28 Sgr (French et ai, 1993; Hubbard et al., 1993), and subse- 
quent occultations observed from the Hubble Space Telescope (HST) (Elliot et al., 
1992; Bosh and Olkin, 1996), have provided the only post- Voyager occultations 
with sufficient Signal-to-Noise Ratio (SNR) to be used for refinement of the ring 
orbits. 

An accurate radius scale for Saturn’s rings is essential for detailed dynamical 
investigations of the rings, as well as accurate inter-comparisons of individual 
occultation profiles. Since the radial dependence of eccentric ringlet free precession 
rates is governed by the gravitational harmonics J 2 , J^, Je, ■ ■ ■ , (Longaretti and 
Borderies, 1991; Borderies-Rappaport and Longaretti, 1994) a long time series of 
precise measurements of non-circular features can be used to determine the low- 
order gravitational harmonics of Saturn. As pointed out above, these give important 
information about the internal mass distribution of the planet. 

The determination of the radius scale is strongly coupled to the assumed pole 
direction of the mean ring plane, and thus we must solve for both from the occul- 
tation observations. From their analysis of the 28 Sgr and Voyager observations, 
French et al. (1993) concluded that the pole direction had shifted measurably be- 
tween the 1980/1981 Voyager epochs and the stellar occultation in 1989, and they 
interpreted this as evidence for precession of Saturn’s pole. Although the solar 
torque exerted on Saturn itself is quite small, the Sun also exerts a torque on the 
satellites, principally Titan, which effectively increases the Ji of the system by 
a factor of ~4 and reduces the precession period by a comparable factor. They 
found that the rate of motion of Saturn’s pole on the sky was 0.86 ± 0.31 times 
the predicted rate of 0.339" per year. The principal uncertainty in the theoretical 
value is Saturn’s moment of inertia. By incorporating the full set of Cassini occul- 
tation observations of the rings, both from radio science measurements and from 
stellar occultations observed by other Cassini instruments, we have the prospect 
of greatly improving the accuracy of the precession rate of the pole, with the ulti- 
mate goal of determining the principal moment of inertia of Saturn to within a few 
percent. 

For earth-based stellar occultations, the a priori uncertainty in the stellar posi- 
tion relative to the planet is relatively large, and least-squares fits for the occulta- 
tion geometry must include the offset between the star and planet as a pair of free 
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parameters. For spacecraft occultations, the analogous uncertainty is in the space- 
craft location with respect to the planet’s center. Errors in the assumed spacecraft 
trajectory map directly into errors in the derived ring plane radius scale. For this 
reason, we place a very high value on accurate reconstruction of Cassini’s trajectory. 

h) Ring morphology: A major goal of ring dynamics studies is to explain the 
presence of nonaxisymmetric features such as eccentric ringlets and density waves, 
and nonequatorial features such as inclined ringlets and bending waves. Since the 
Keplerian shear, the differential precession of periapses and nodes, and viscous 
diffusion tend to erase these features on short time scales, the existing ones must 
he dynamically maintained. 

Satellites are responsible for shaping a number of morphological features. They 
give rise to density waves (Goldreich and Tremaine, 1978a,b, 1979a; Shu, 1984; 
Borderies et al., 1986; Longaretti and Borderies, 1986) and bending waves (Shu 
et al., 1983), open gaps (Goldreich and Tremaine, 1978a; Borderies et al., 1982, 
1988), shepherd rings (Goldreich and Tremaine, 1979c; Hanninen and Salo, 1994, 
1995; Goldreich et al., 1995), excite eccentricities and inclinations in narrow rings 
(Goldreich and Tremaine, 1981; Borderies et al., 1983b, 1984a), create ring arcs 
(Goldreich et al. 1986), and sometimes perturb rings by penetrating them (Borderies 
et al., 1983c). 

The above effects of satellites on rings require that particles behave in a collective 
manner, which is insured by the ring self-gravity and viscous stresses. Self-gravity is 
invoked to explain the rigid precession of eccentric and inclined ringlets (Goldreich 
and Tremaine, 1979b; Borderies et al., 1983a, b). Viscous stresses can lead to 
instabilities (Lin and Bodenheimer, 1981; Lukkari, 1981; Ward, 1981; Borderies 
et al., 1985) or over-stabilities (Longaretti and Rappaport, 1995). 

The objectives are: 

- To test theoretical models for density waves, bending waves, shepherding, ex- 
citation of eccentricities and inclinations, ring arcs, precession of elliptical and 
inclined ringlets, viscous instabilities, etc. 

- To identify profiles of gravitational wakes of embedded satellites (Showalter etal., 
1986; Marouf et al., 1986; Marouf and Tyler, 1986). Characterize the evolution 
of profile morphology with longitude and its dependence on background optical 
depth. Determine the masses and orbits of identified satellites. 

- To explain the presence in the C ring and the Cassini Division of several ringlets 
which are not associated with any known satellite. Study their interaction with 
the surrounding rings (Rappaport, 1998). 

- To explain the presence in the B ring of non-axisymmetric features which are not 
associated with any known satellite (Lane et al., 1982; Borderies et al., 1984b). 

c) Ring evolution: Angular momentum and energy are transferred between the 
rings and the satellites with which they interact (Goldreich and Tremaine, 1980). 
The small satellites outside the main rings of Saturn are repelled outwards over 
a time scale of a few tens of millions years. This short-time scale suggests that 
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the interaction between rings and satellites includes accretion and disruption of 
satellites and that Saturn’s rings as we observe them now may be recent. Alterna- 
tively, ring/satellite systems may be maintained by effects that we do not understand 
yet. 

A key parameter in modeling this evolution is the ring’s viscosity. This parameter 
has been measured indirectly from the damping of density and bending waves (Cuzzi 
etal., 1981; Lane etal., 1982; Lissauer ei a/., 1982; Shu et al., 1983). Cassini will 
allow us a more direct determination (Borderies, 1992). 

The objectives are: 

- To characterize and model viscous stresses. 

- To characterize the transport of angular momentum and energy within the rings 
and their transfer between rings and satellites. 

2.4.2. Techniques 

Observables during a ring occultation experiment can be derived from the effects 
of ring material on a sinusoidal signal linking the spacecraft and an earth receiving 
stations of the DSN (Marouf et al., 1982). Temporal coherence of the radio link is 
ensured through the use of an ultrastable oscillator (USO) onboard the spacecraft 
and an atomic frequency standard at the ground receiving station. During an occul- 
tation, Cassini generates and transmits through the rings three coherent sinusoidal 
signals (wavelength of 0.94, 3.6, and 13 cm, or Ka-, X-, and S-bands, respectively) 
using the USO as a common reference for all three signals. The coherency of the 
signals allows measurement on the ground of the complex amplitude (magnitude 
and phase) of the perturbed signals. 

Modeled as a discrete random medium, the collective effects of ring particles 
on an incident sinusoidal signal are well characterized (Marouf et al., 1982; Tyler 
et al., 1983; Marouf et al., 1983; Simpson et al., 1984; Zebker et al., 1985; Marouf 
et al., 1986; Tyler, 1987; Gresh et al., 1989). Two main signal components may 
be identified and separated in the spectrum of the observed perturbed signal. The 
first is the direct or coherent signal, a sinusoidal component whose amplitude and 
phase can be measured relative to the corresponding values of the incident sinusoid. 
The direct signal characterizes the average effect of ring particles on the incident 
signal. The time history of its amplitude and phase provides information regarding 
detailed radial ring structure. The differential amplitude and phase of two signals of 
wavelength A,i and Xj provide information about the relative abundance of particles 
of radius a determined by Xi, X 2 , and the refractive index of particle material 
(Marouf et al., 1982, 1983). 

Initial measurements of the coherent signal amplitude and phase are diffraction- 
limited (Marouf and Tyler, 1982). Measurement of the direct signal phase allows 
reconstruction of the observations to remove diffraction effects, yielding high- 
resolution profiles of the complex ring transmittance, hence of optical depth and 
phase-shift profiles (Marouf et al. ,1986). Achievable resolution is a small fraction of 
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the corresponding Fresnel scale of diffraction and is determined by several factors, 
including geometry of the occultation orbit, stability of the reference phase, SNR 
of the observations, and processing complexity (Marouf et al., 1986). A better 
Cassini USO and an optimized set of Cassini occultation orbits promise significant 
improvements in achievable resolution over the Voyager observations. 

The second component of the perturbed signal is the scattered or incoherent sig- 
nal, a spectral-broadened component that represents the fraction of average power 
scattered by ring particles and intercepted by the ground receiving station (Marouf 
et al., 1982). The spectral broadening is caused by the Doppler shift introduced by 
the relative motion of the spacecraft and ring particles. Its time history (spectro- 
gram) provides information regarding the relative abundance of meter size particles 
within broad ring features that can be resolved in the measured spectrograms. 

The measured near-forward scattered signal of a resolved ring feature provides 
significant information about the distribution of particle sizes that populate the 
feature, its physical thickness, and the degree of particle crowding, among other 
physical parameters. Procedures have been developed to invert the measurements to 
recover physical model parameters for the classical many -particle-thick ring model 
(Marouf et al., 1982, 1983) and for the thin-layers ring model (Zebker et al., 1983, 
1985). The more general problem of crowded and clustered ring models of arbitrary 
thickness is a subject of continued investigation (Marouf, 1994, 1996, 1997). 

Contribution to the scattered signal measured during occultation is dominated 
by the diffraction lobes of large ring particles. Particles of radius a larger that the 
spacecraft antenna radius (2 m) have diffraction lobes of width narrower than the 
spacecraft antenna beamwidth, and information regarding their size distribution 
is captured in scattered signal measurements. The limit on the upper particle size 
captured is set by the sampling interval of the measured collective diffraction- 
pattern, hence by the SNR of the measurement, and is typically few to several tens 
of meters. Thus, scattered signal measurement during occultation yields the particle 
size distribution over the range 2 m < a < several tens of meters. Other techniques 
are used to extend the distribution to the range a <2 m. 

Over the millimeter to decimeter size range, measurement of the differential 
extinction and phase shift of the X-, S-, and Ka-bands coherent may be used to 
constrain the size distribution. In the case of Voyager, measured differential optical 
depth and phase shift of the coherent X- and S-band signals (3.6 and 13 cm-A.) 
provided clear evidence for the presence of ring particles of sizes in the centimeter 
to decimeter radius range, both in local and global ring features (Tyler et al., 1983; 
Marouf and Tyler, 1985; Marouf et al., 1986). The additional availability of the 
Ka-band (0.94 cm-A.) signal on Cassini will allow similar inference of the abundance 
of the population of millimeters to centimeters size ring particles. 

Particles of size in the decimeter to meter size range do not differentially af- 
fect the coherent signals significantly and have diffraction lobes that are essentially 
isotropic over the spacecraft antenna beam width. Determination of their size distri- 
bution is based on a yet different technique, referred to here as the bistatic-scattering 
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technique. It relies on observation of the scattered signal with the direction of the 
boresight of the spacecraft antenna shifted away from the earth direction so as to 
sample the broader diffraction lobes of particles in this range. Because the width 
of a diffraction lobe of a particle of diameter D — 2a observed at wavelength X 
is roughly X/D, the maximum angular shift of the spacecraft antenna boresight is 
determined by the minimum particle size whose diffraction lobe is to be sampled 
and is wavelength dependent. 

Sampling the diffraction lobes of particles of radius a >20 cm, for example, 
requires bistatic-scattering observations over a maximum angular range equal to 
approximately five times the antenna beamwidth at the wavelength of interest. 
Thus, for both X- and Ka-bands, maneuvers to shift the antenna boresight away 
from the earth direction are limited to no more than a few degrees change in 
the antenna boresight direction. The exact limit is set by available SNR. Optimal 
maneuver strategies to observe bistatic-scattering given available SNR are still 
under development. 

The capability of determination of the particle size distribution of resolved ring 
features over the millimeters to tens of meters range (millimeter to decimeter using 
differential extinction, decimeters to meters using bistatic scattering, and meters to 
tens of meters using forward-scattering) is a unique capability of the radio science 
ring observations. For ring features for which bistatic scattering may be noise 
limited or not available, a selfconsistent model fitting approach that bridges the 
lower and upper ends of the distribution provides a viable alternative (Marouf et 
al., 1983; Zebker et al., 1985). 

2.4.3. Major Requirements 

The quality of ring occultation observations is determined by the phase and am- 
plitude stability of the radio link, available SNR, and the geometry of occultation 
orbits, among other factors. These impose stringent requirements on the perfor- 
mance of the radio subsystems on board the spacecraft and at the ground receiving 
stations, as well as on the design of the Cassini tour. 

Consider first the requirements on the phase stability of the radio link, a critical 
parameter for successful reconstruction of the diffraction-limited direct signal mea- 
surements. In the absence of phase noise, the limit on achievable radial resolution 
AR is set by the Fresnel scale of diffraction F and the width W of the radial interval 
over which diffraction limited measurements are processed, where AR = 2F^ /W 
(Marouf et al., 1986). In reality, finite phase instability over W limits actual achiev- 
able resolution to a larger value AR^ > AR , where AR<^ is determined by the nature 
of the random reference phase fluctuations, usually dominated by the behavior of 
the USO onboard the spacecraft (Marouf et al., 1986). 

In the Voyager case, phase stability of the USO (Allan deviation ct,. ~ 5 x 10“'^ 
at 1 s time interval) limited AR^ to the range AR<^ > 250 m (Marouf et al., 1986). 
The Cassini USO is over ten times better than Voyager {Oy ~ 2 x 10“^^ at 1 s). 
Calculations based on the assumptions of a random walk phase noise model (white 
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frequency noise) and likely Cassini occultation orbits indicate that AR^ > 10 m, 
more than an order of magnitude improvement over Voyager. A requirement that 
the Allan deviations of the atomic frequency standard used at the earth receiving 
stations be at least three times better than that of the USO ensures that the latter 
is the limiting factor. Actual Cassini resolution will depend, of course, on in-flight 
performance of the USO and ability to model and remove long term phase drift, 
and other factors including the degree of variability of F over W and available SNR 
(Marouf et al., 1986). 

Like Voyager, Cassini conducts all occultations in a downlink mode (that is, 
transmission from the spacecraft and reception on the earth), hence the available 
free-space signal-to-noise ratio SNRq is limited by the relatively small transmitted 
power. Indeed, both spacecraft have comparable SNRq (for Cassini, SNRq — 52, 
40, 41 dB/Hz for the X-, S-, and Ka-band signals, respectively). Unlike Voyager, 
Cassini enjoys the advantage of arriving at Saturn when the ring system is almost 
fully open as seen from the earth (ring opening angle B ~ —24°), and remains 
in orbit as B gradually increases to a Voyager-like value of about —6° over the 
four- year mission lifetime. Given a ring feature of normal optical depth r, the 
actual measurement SNR is reduced from its free-space value SNRq by the factor 
exp[— r/sin(B)] (due to attenuation by ring particles). For a r = 1 ring feature, for 
example, the measurement SNR is a factor of 1200 higher at R = 24° than at a 
Voyager-like B = 6°; the SNR is 1.5 million times higher for r = 2! 

Given the extreme sensitivity of the measured SNR on the ring opening angle, 
a major requirement on the Cassini tour design was to implement a set of radio 
occultation orbits as early as possible after Saturn orbit insertion (SOI). The early 
occultations take full advantage of a unique opportunity provided by nature to 
probe all ring features, including the B Ring, with the limited available SNRq. An 
additional requirement of an occultation distance D ~ 4 — 6Rs ensures moderate 
Fresnel scale F, hence moderate complexity in reconstruction of the diffraction 
limited observations. A remarkable set of early near-diametric occultation orbits 
was designed and implemented by the Mission Design Team and is an integral part of 
the selected orbital tour. The orbits span the range 24° < B < 20° . Exceptional X- 
band radial resolution of 100 m or better is expected everywhere, including regions 
of Ring B of normal optical depth r < 2.5, an order of magnitude improvement over 
Voyager. Requirements for two additional occultation opportunities at intermediate 
{B ~ 15°) and small {B <10°) ring opening angle complement the first set and 
allow more complete characterization of the variability of the observables with B, 
longitude, and time. 

Additional requirements on occultation orbit geometry are necessary to improve 
the spatial resolution of scattered signal measurements. As indicated before, the 
intrinsic resolution is determined by the size of the spacecraft antenna “footprint” 
on the ring plane. The footprint can be very large (with a characteristic scale of 
thousands to hundreds of thousands of km, depending on wavelength, the spacecraft 
distance D behind the ring, and the ring opening angle B). The resolution may be 
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improved if contours of constant Doppler shift over the footprint align closely 
with boundaries of ring features so that the contribution of a given feature may be 
identified in the measured spectrograms (Marouf et al., 1982). The Voyager flyby 
trajectory was optimized in part to enhance this alignment (Marouf et ah, 1982), 
allowing spatial resolution in the range 1000-6000 km to be achieved (Marouf et 
al., 1983; Zebker et al., 1985). Similarly, Cassini early occultation orbits have been 
optimized to provide good Doppler contour alignment with ring boundaries. Spatial 
resolution as good as 500-1000 km is expected for some occultations. 



2.5. Atmospheric and Ionospheric Occultation Experiments 

The refraction of monochromatic radiation emitted from the spacecraft toward earth 
as it passes through a spherical or oblate atmosphere produces Doppler shifts in the 
received frequency that allow the retrieval of refractivity as a function of altitude. 
This in turn leads to vertical profiles of electron density in the ionosphere and of 
density, pressure, and temperature in the neutral atmosphere. Much of the value 
of occultation profiles lies in their high vertical resolution, typically better than 1 
km. This is to be contrasted with that achievable from passive remote sounders, for 
which the vertical resolution is more comparable to a scale height. 

2.5.1. Scientific Objectives 
2.5.1. 1. Atmospheres. 

a) Saturn: The Pioneer 11 spacecraft provided the first radio occultation of 
Saturn’s ionosphere and atmosphere (Kliore et al., 1980a; Kliore and Patel, 1980), 
with ingress and egress soundings both at equatorial latitudes. Later, Voyager 1 and 
2 gave two additional occultations, which sounded latitudes near the equator, at 
36°N, 31°S, and 73°S (Lindal et al., 1985; Tyler et al., 1981, 1982). 

All the retrieved temperature profiles (Figure 1) in the neutral atmosphere 
have a well-defined troposphere (where temperature decreases with altitude), a 
tropopause, or temperature minimum, located at the ~60-80 mbar level, and a 
stratosphere (where temperature increases with latitude). The Voyager occultations, 
which had higher signal-to-noise ratio than those from Pioneer 1 1 , gave atmospheric 
profiles that extended from a few tenths of 1 mbar to 1.3 bar. The lower pressure 
limit was dictated by the USO stability on the spacecraft, signal-to-noise ratio, 
and the resulting ability to separate the effects of the neutral atmosphere from the 
ionosphere on the refractivity. The limit at 1 . 3 bar resulted from absorption by NH3 , 
which extinguished the signal transmitted from the spacecraft to earth. 

Both the Pioneer and Voyager temperature profiles at low latitudes exhibit a 
marked undulatory structure in the upper troposphere and stratosphere that is sug- 
gestive of vertically propagating waves. Vertical wavelengths are ~2 scale heights, 
although smaller-scale behavior is also present. The undulations are more subdued 
at mid and high latitudes. This structure has not been interpreted or analyzed in 
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Figure 1. Temperature profiles in Saturn’s atmosphere retrieved from Voyager and Pioneer 11. The 
dashed curve in the right panel is from the Pioneer egress (Kliore et at., 1980b). After Lindal et al. 
(1985). 



any depth. In their analysis of the zonal (i.e., east-west) variations of temperatures 
retrieved from the Voyager infrared spectroscopy experiment (IRIS), Achterberg 
and Flasar (1996) found evidence of a coherent wave structure in the tropopause 
region that extended from 40°N to low latitudes. They deduced that it was most 
probably a Rossby wave, forced by a critical-layer instability at the more north- 
ern latitude. The wave amplitude they derived, ±1 K, seems consistent with the 
reduced amplitude seen in the mid-latitude radio-occultation profiles. Coverage 
of the equatorial region, particularly at southern latitudes, by IRIS, which was 
primarily a nadir-viewing instrument, was minimal, because of interference from 
Saturn’s rings and, for Voyager 2, a malfunction of the remote-sensing scan plat- 
form. Temperatures retrieved from radio occultations show structure in Jupiter’s 
atmosphere that is similar to Saturn’s (Lindal et al., 1981). Allison (1990) has sug- 
gested that the structure in the equatorial profiles of Jupiter is produced by Rossby 
waves. 

Waves are meteorologically significant, because they can be sensitive indicators 
of the conditions of the background mean atmosphere through which they propa- 
gate. In their study, Achterberg and Flasar (1996) were able to relate the observed 
meridional structure of the thermal wave they identified to the thermal structure 
of Saturn’s atmosphere and spatial variation of its zonal winds. Waves can also be 
dynamically important, as they typically transport angular momentum over large 
distances. This could be an important factor in maintaining the large-scale zonal 
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wind system on Saturn, which is notwell understood. Cassini is expected to provide 
occultations yielding temperature profiles at nearly 50 locations on Saturn, with a 
reasonably good distribution in latitude. This is far denser coverage than has been 
realized to date. With the zonal structure provided by the mapping capabilities of 
the composite infrared spectrometer (CIRS), wave structure in Saturn’s troposphere 
and stratosphere should be well characterized. 

Knowledge of temperature and pressure as functions of altitude and latitude 
leads to the zonal wind u through the gradient wind equation. 
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and the thermal wind equation, 
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(27) 



Here r is radius to the planet’s center of mass, and is the internal uniform 
planetary rotation rate of Saturn, presumably equal to that implied by the kilo- 
metric radiation modulation (=1.66 x 10“^ s“^); P is pressure, p is atmospheric 
mass density, T is temperature, R is the universal gas constant, and m is the mean 
molecular weight of the atmosphere; A is the planetographic latitude, determined 
by the intersection of the local normal to the equipotential surface, and Kpc is plan- 
etocentric latitude, determined by the intersection of the line to the planet center of 
mass with the equatorial plane; 4> denotes the geopotential. 



</> = 




(28) 



where g is the local effective gravitational acceleration, representing both gravita- 
tional attraction and the centrifugal repulsion associated with the uniform planetary 
rotation. The geopotential function </>, therefore incorporates both gravity and uni- 
form rotation; the altitude coordinate z is normal to the geopotential surface. Note 
that in Equation (26) the gradient in pressure is at constant altitude relative to 
the geopotential associated with uniform rotation. In Equation (27) the gradient 
in temperature is along isobars. Because of Saturn’s rapid planetary rotation, the 
geostrophic term, the one containing 2f2 on the left-hand sides of Equations (26) 
and (27), generally dominates. 

The Pioneer 1 1 and Voyager soundings were too sparse for inferring winds, 
but the much denser coverage afforded by the Cassini radio occultations make this 
much more feasible. Although the occultations will not densely sample longitude, 
they will sample latitude very well. Temperatures retrieved from the Voyager IRIS 
spectra indicate that, atleast in the upper troposphere and lower stratosphere, the 
zonal variations of temperature are smaller than the variation with latitude. Thus the 
latitude variations in the pressure and temperature fields are fairly good indicators 
of the zonal winds on Saturn. Comparison with the temperatures retrieved from the 
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CIRS instrument, which can obtain global maps, will facilitate this derivation. A 
very important advantage for radio science lies in the capability to retrieve pressure 
as a function of altitude, and hence obtain the zonal winds directly through the 
application of Equation (26) (c.f., Newman et al., 1984). When using temperatures 
to infer winds from Equation (27), as, for example CIRS must do, the winds need to 
be specified along a (usually lower) boundary. Winds will also be derived with high 
spatial resolution from cloud tracking using both the visible (ISS) and perhaps the 
near infrared (VIMS) images. In this analysis there always remains some ambiguity 
in the altitudes probed at a particular observing wavelength. Comparison of the 
winds derived from cloud tracking with those obtained from Equation (26) using 
radio science data should greatly facilitate the altitude assignment in the cloud- 
tracking studies. 

The sensitivity of the radio signal passing through Saturn’s atmosphere to ab- 
sorption by gaseous ammonia permits the retrieval of vertical profiles of NH 3 below 
the 1-bar level. Lindal et al. (1985) have presented such profiles from the Voyager 
Saturn occultations, as well as from those for Jupiter (Lindal et al., 1981). The large 
number of Cassini occultations will permit a mapping of the three-dimensional dis- 
tribution. Both passive ground-based microwave observations and observations at 
infrared and visible wavelengths have indicated that gaseous and condensed NH 3 
vary latitudinally over Saturn and Jupiter. These variations are probably indicative 
of the vertical motion field near the 1-bar level. Particularly intriguing in the ob- 
served radiances at radio and far-infrared wavelengths is a “warm” broad band on 
Saturn that is centered about 30°N (Conrath and Pirraglia, 1983; Grossman et al., 
1990). The corresponding latitude range in the southern hemisphere is much colder. 
This has been interpreted as caused by a diminution in cloud opacity and ammonia 
gas in the northern latitude range. Curiously, the Voyager radio occultation data 
at 36°N and 31°S give no hint of such asymmetry in the derived NH 3 abundance 
(Lindal et al., 1985). Whether an “atypical” region at the northern latitude was 
sounded by the radio occultations is open to question. The more complete coverage 
of Cassini should help address questions like this. 

The helium abundance of the giant planets is an important indicator of their 
formation and evolution. One of the more sensitive methods to determine the helium 
abundances of the atmospheres of the outer planets from remote sensing has entailed 
the combination of radio-occultation soundings with far infrared spectra. The radio 
occultations provide profiles of the refractivity versus altitude, from which T{z) 
is derived. Eor uniform composition, the quantity T{z)/m is invariant. To first 
order, varying the assumed composition shifts the profile T{z) towards higher or 
lower values without changing its shape. If the source of infrared opacity of the 
atmosphere is known, a synthetic infrared spectrum can be computed and compared 
to an observed spectrum. 

Comparison of Voyager radio occultation retrievals with IRIS spectra led to 
values of helium that were slightly depleted relative to solar abundance on Jupiter 
(Gautier et al., 1981) and quite depleted on Saturn (Conrath et al., 1984). This 
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appeared to be consistent with the notion that differentiation of the heavier helium 
from hydrogen was occurring in the planets’ interiors. 

Recently, however, direct determinations of the helium abundance from the 
Galileo probe (Niemann et ai, 1996; von Zahn and Hunten, 1996) have yielded 
values that are higher than that determined from Voyager and more nearly solar. 
Recent planetary evolution models (Hubbard et ai, 1999) have also called into 
question the low value of helium derived for Saturn, and they suggest that the current 
value of Saturn’s intrinsic luminosity, which derives from cooling of its interior, is 
more consistent with a larger helium abundance for Saturn’s atmosphere than was 
derived from Voyager data. Conrath and Gautier (2000) have also re-examined the 
helium retrieval from Voyager IRIS observations of Saturn. In this analysis, they 
used the redundant information in the IRIS spectrum between 200 and 600 cm“' to 
simultaneously retrieve profiles of temperature, the parafraction of hydrogen, and 
the helium abundance. In this spectral region the principal opacity is from absorption 
by the pressure-induced dipole of molecular hydrogen, caused by collisions with 
other hydrogen molecules and with helium. The absorption is sensitive to ah three 
of the aforementioned atmospheric variables. Although this “internal” method of 
determining the helium abundance is not as sensitive as combining radio-occultation 
prohles with infrared spectra, Conrath and Gautier (2000) nonetheless were able to 
conclude the helium abundance must be higher than the value derived earlier. 

Evidently there is some as yet unidentihed source of systematic error in the 
earlier determination. Having CIRS spectra at the numerous locations of Cassini 
radio occultations, where the haze structure varies, may help elucidate the source 
of the problem and produce a more reliable determination of the helium abundance. 
There are no planned in situ measurements of helium on Saturn in the foreseeable 
future, so a reliable determination via remote sensing remains a high priority. 

h) Titan: Prior to the arrival of the Voyager 1 spacecraft at Saturn, the surface 
pressure and temperature of Titan’s atmosphere were not well determined. Indeed, 
predictions of the surface pressure differed by a factor of 100 (Danielson etai, 1973; 
Caldwell, 1977; Hunten, 1978). In traversing the Saturn system. Voyager I flew 
behind Titan and provided a diametric occultation near the equator as viewed by 
Earth. Because of the gross uncertainty in the atmosphere base pressure, one could 
not perform a normal limbtracking maneuver (see Section 2.5. 2. 2), in which the 
spacecraft attitude is continually adjusted to ensure that the refracted radio waves 
reach Earth. This would have required a reasonably accurate model of the mean 
vertical structure of Titan’s atmosphere for predicting the attitude control. Instead, 
the Voyager team hedged its bets, using constant offsets of the spacecraft antenna 
boresight from the line of sight to Earth, 0.1° during the ingress, and 2.4° during the 
egress (Lindal et ai, 1983; Hinson et ai, 1983). It turns out that the bending angle in 
the neutral atmosphere increases more or less monotonically with depth, reaching 
2° for the ray that grazes the surface. The Voyager spacecraft antenna transmitted 
at both S- and X-bands. The S-band data, for which the half-power full width of 
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the antenna was 2.5°, covered the full range of atmospheric pressures during both 
ingress and egress, whereas the X-band data, with an antenna width of 0.6°, only 
proved useful in limited altitude ranges, above 28 km during ingress and within a 
few km of the surface during egress. 

The Voyager 1 soundings provided vertical profiles of temperature and pressure 
at altitudes below 200 km. As discussed in Section 2.5.2, the refractivity profile is 
the fundamental quantity retrieved from the soundings, and obtaining temperature 
and pressure profiles requires that the atmospheric bulk composition be specified. 
The combination of data from the thermal infrared spectrometer (IRIS) with the 
radio occultation data led to the conclusion that the mean molecular weight of Ti- 
tan’s atmosphere is ^^28 AMU, highly suggestive of N 2 as the dominant constituent 
(Tyler et al., 1981; Hanel et al., 1981; Vervack et al., 1999). This was supported by 
the identification of several nitriles in the IRIS spectra, as well as the detection of 
atomic and molecular nitrogen in the thermosphere by the ultraviolet spectrometer 
on Voyager (Broadfoot et al., 1981). Lindal et al. (1983) retrieved vertical profiles 
of temperature and pressure from the Voyager soundings, assuming an atmosphere 
of pure N 2 . The ingress and egress soundings were nearly identical in the tropo- 
sphere, and they obtained a surface temperature and pressure of 94 K and 1.5 bar, 
respectively. Below 4 km the lapse rate in temperature was nearly dry adiabatic, 
suggesting efficient mixing by small-scale convection. 

The effect of composition on the retrieved temperature profiles is an important 
consideration for Titan. When the composition is spatially uniform, the retrieved 
temperature, as a function of altitude, scales linearly with the molecular mass (see 
Equation (54)). However, when there is a spatially varying condensible, such as 
CH 4 , contributing to the refractivity, the behavior of temperature with altitude can 
be markedly different. Flasar (1983) retrieved temperatures for atmospheres with 
different N 2 -CH 4 mixtures. He demonstrated that a vertical profile of saturated 
CH 4 implied increasing lapse rates of temperature near the surface. By imposing 
the stability constraint that the lapse rate not exceed the dry adiabat, he deduced 
that the lowest 4 km of Titan’s atmosphere had to be unsaturated and the maximum 
CH 4 mole fraction just above the surface was ~0.09 or less. Later, Lellouch et al. 
(1989) did a systematic study of N 2 -CH 4 -^®’^^Ar atmospheres. Retrieving temper- 
ature profiles from the radio occultation refractivity profiles, they found a range of 
possible surface temperatures, from 92.5 to lOI K, and tropopause temperatures in 
the range 70.5-74.5 K. All the profiles were qualitatively similar in shape to that 
for the N 2 atmosphere. Although Ar was initially thought to be a bulk constituent of 
Titan’s atmosphere (see e.g., Samuelson et al., 1981), no evidence of it has turned 
up, and indeed, recent work (Strobel et al., 1993; Courtin et al., 1995; Samuelson 
et al., 1997) suggests that the Ar mole fraction may be quite low, < O.OI. For at- 
mospheres composed of N 2 and CH 4 , Lellouch et al. (1989) found the range of 
allowable temperatures to be smaller: maximum temperatures are 71.8 K at the 
tropopause and 95.2 K just above the surface; the minimum possible temperatures 
are unchanged from before. Although the implied range of uncertainty amounts 
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to only ~3 K, the IRIS spectra indicate that this is comparable to the meridional 
contrast seen at the surface and in the troposphere (Flasar et al., 1981). Because 
of the likely spatial variation of tropospheric CH4, it is important to reduce the 
current uncertainty in the radio occultation results, which are mostly attributable to 
uncertainty in the composition. 

Despite this limitation, the Voyager radio-occultation profiles have formed the 
basis of much of the analysis of Titan’s atmospheric structure, for example, in con- 
structing global radiative-equilibrium and radiative-convective models (Samuelson, 
1983; McKay et al., 1989). The occultation profiles have also been directly used in 
the interpretation of IRIS spectra. Radiances in the thermal infrared depend both 
on atmospheric temperature and the infrared opacity. In the absence of indepen- 
dent information, the separation of these two effects requires redundancy in the 
infrared spectrum. This was generally not the case for the IRIS spectra, because 
much of the thermal infrared spectrum accessible to IRIS was dominated by aerosol 
opacity, whose heterogeneous distribution is not known (see Flasar (1998b) for a 
discussion). Hence, it was not possible to retrieve atmospheric temperatures from 
the spectra over most altitudes. Temperatures could only be retrieved in the upper 
stratosphere, using the V 4 -band of CH 4 as a “thermometer”, under the assumption 
of a uniform abundance of CH4 in the stratosphere (Flasar, 1998a). Some infor- 
mation on physical temperatures was also available at the tropopause and at the 
surface (Flasar et al., 1981). The latter was possible because of a “window” that 
occurs in the thermal infrared spectrum near 530 cm“'. Although surface emission 
is an important component of the radiances here, the stratospheric emission is not 
negligible. 

Several studies of the spatial distribution of stratospheric compounds, based on 
emission lines in the mid-infrared portion of the IRIS spectra, have relied on the 
radio occultation refractivity profiles. For instance, Coustenis and Bezard (1995), in 
retrieving the meridional distribution of several hydrocarbons and nitriles, started 
with a mean temperature profile based on the equatorial radio-occultation profiles. 
They assumed that temperatures in the troposphere did not vary meridionally, but 
rescaled temperatures in the stratosphere to vary linearly with altitude from the 
radio-occultation profiles at the 40-mbar level, just above the tropopause, to the 
temperatures retrieved from the IRIS spectra in the upper stratosphere. Similarly, 
Courtin etal. (1995) and Samuelson etal. (1997) compared synthetic spectra, com- 
puted from temperature profiles derived from the radio occultation refractivities, 
with IRIS spectra in the far-infrared (200-600 cm^ ' ) to constrain the distribution 
of tropospheric CH 4 . They both reached the amazing result that, in a global sense, 
CH 4 in the middle and upper troposphere must be supersaturated to provide the 
opacity needed to yield a good match between the synthetic and observed spectra. 
S amuelson etal.{\ 997) went on to derive the meridional distribution of tropospheric 
CH 4 , including that near the surface. To do this, they had to account somehow for 
temperature variations in the troposphere. In effect, they used the IRIS spectra to 
constrain the temperatures at the tropopause and at the surface, and assumed that 
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occultation profiles retained their general shape with latitude. Although this is not 
unreasonable, it still remains an educated guess. 

The Voyager 1 radio occultation data provided one of the few indications of 
waves in Titan’s atmosphere. Hinson et al. (1983) analyzed the intensity scintilla- 
tions found in the occultation profiles. They found a region of weak scintillation 
extending from 25 to 90 km altitude that they attributed to a vertically propagating 
internal gravity wave with little or no attenuation. At 44 km, near the tropopause, 
the implied vertical and horizontal wavelengths were 1 km and 4 km, respectively, 
and the wave amplitude was '^1 K. They also detected strong scintillations over the 
altitude range 5-10 km. Later simulations by Friedson (1994) suggested that these 
might be attributed to an internal gravity wave that saturates and breaks near 15 
km (see Flasar (1998b) for a more detailed review). Hinson and Magalhaes (1991) 
have discussed how an atmospheric wave modulates a radio wave as it traverses 
an occulting atmosphere and is refracted. The amplitude response of the signal is 
dominated by diffraction effects, and it is most sensitive to atmospheric structure 
on scales that are smaller than the diameter of the first Fresnel zone, 2 VXd, where 
A is the wavelength of the radio wave, and D the distance of the spacecraft to the oc- 
culting limb. The contribution from larger-scale fluctuations is filtered out. For the 
Voyager occultation, 2 \/ kD ~ 1-3 km at the S- and X-band wavelengths, and it is 
not surprising that Hinson et al. (1983) detected waves with a vertical scale that was 
comparable to this. The phase response of the received signal, on the other hand, is 
dominated by atmospheric structure with vertical scales that are large compared to 
the Fresnel scale, for which diffraction effects are small. The temperature profiles 
of Titan’s atmosphere retrieved from the Voyager occultations do suggest some 
larger-scale wave-like structure (Lindal et al., 1983), but the characterization of 
this is incomplete. While systematic analyses of the phase scintillations have been 
performed on radio occultation soundings of some of the outer planets (Hinson and 
Magalhaes, 1991, 1993), such a study has yet to be undertaken for the Titan data. 

The Cassini radio science experiment is more capable than Voyager’s, and it has 
several attractive features relevant to the issues discussed. One of the most important 
is that the orbiter will provide a distribution of Titan occultations with latitude, 
so that temperature profiles can be retrieved from measurements instead of from 
inspired guesswork. The Cassini thermal infrared spectrometer, CIRS, is also much 
improved from its predecessor, IRIS. It extends to longer wavelengths through the 
submillimeter portion of the spectrum, which will permit the pressure-induced S(0) 
line of N 2 to be used as another “thermometer,” probing the upper troposphere and 
middle and lower stratosphere (Flaser et al., 2004). However, except for the surface, 
CIRS cannot retrieve temperatures below 30 km altitude. The radio occultation 
soundings provide the only means of doing so from the orbiter. By virtue of its limb 
sounding capability, CIRS can use the 530 cm“* radiances observed on the limb, for 
which deep space is the background, to subtract the stratospheric contribution to the 
radiances observed in nadir viewing, so that the surface emission and temperature 
can be better determined. The combination of this with radio occultation refractivity 
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profiles will permit a more accurate determination of the distribution of CH 4 in the 
lower troposphere. 

The latitude coverage will also provide important information on the zonal wind 
field, through application of Equations (26) and (27) to the retrieved pressures and 
temperatures, as discussed earlier for Saturn. With only two equatorial occultations, 
this was not possible with the Voyager data. The ability to assign a reference altitude 
scale to the zonal wind velocities may be even more important for Titan than for 
Saturn, as the identification and tracking of discrete features by the ISS and VIMS 
experiments to determine horizontal wind velocities will probably be more difficult 
for the former body. 

Figure 2 depicts the characteristic vertical resolution of the occultations over 
the altitude range in which temperature and pressure profiles will be retrieved. 
Because the USO on Cassini is a factor of 20 more accurate than the one used 
by Voyager, atmospheric refraction should be detectable at higher altitudes, and 
temperature and pressure profiles up to 300 km altitude should be achievable. In 
the stratosphere, the vertical resolution is 2\/ XD . The vertical resolution is higher in 
the troposphere, because differential refraction and defocusing become important, 
and the Fresnel zone flattens vertically (Haugstad, 1978; Karayel and Hinson, 1997). 
Figure 2 indicates that vertical resolution lies between ~ 1 km and 100 m, depending 
on the altitude and wavelength used, with Ka-band soundings providing the higher 
resolution. As discussed earlier, in Section 2.4, higher resolution is possible through 
inverse Fresnel reconstruction techniques. Although planetary atmospheres present 
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Figure 2. Vertical resolution (solid curves) of temperature profiles on Titan retrieved from radio 
occultations at S-, X-, and Ka-bands, for a nominal spacecraft-to-occulting limb distance of 5000 km. 
Dashed curve: temperature retrieved from Voyager radio occultation soundings below 200 km, after 
Lellouch et al. (1989); above 200 km, temperatures are from Yelle’s (1991) model. 
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a more complex situation than rings, which hehave as sharp edges in a vacuum, 
recent work on sub-Fresnel-scale inversion for atmospheres has been encouraging 
(Karayel and Hinson, 1997). 

The high vertical resolution afforded by radio science is important for elucidat- 
ing several atmospheric phenomena. In addition to resolving a large spectrum of 
vertically propagating waves, already discussed, the occultation soundings should 
be able to detect any thin cloud or aerosol layers in the stratosphere or tropo- 
sphere, provided they have sufficient opacity to modify the temperature profile. 
The structure of the convectively mixed planetary boundary layer is of interest 
in understanding the exchange of heat and volatiles between the atmosphere and 
surface. The Voyager occultations indicate that the mixed layer extends to ~4 km 
altitude at the equator, but its altitude probably varies with latitude. On Earth, the 
structure of the planetary boundary layer is complex, reflecting both dry and moist 
convective processes. Often the upper boundary is marked by a sharp stable inver- 
sion as, for example, at the top of the trade cumulus layer at subtropical latitudes 
(see e.g., Augstein, 1978). The latitude variation of the the top of the planetary 
boundary layer can be indicative of meridional circulations in the troposphere, 
with subsiding regions characterized by lower heights of the boundary layer. Aside 
from the Huygens atmosphere structure investigation on the probe, which will take 
data at only one location, radio occultations will provide the highest resolution of 
tropospheric vertical structure. 

The addition of a new wavelength [Ka band, 0.94 cm] should prove very impor- 
tant for atmospheric studies. In addition to providing the highest vertical resolution, 
it may prove to be an important probe of atmospheric absorption. Voyager occul- 
tations gave no indication of atmospheric absorption at S- and X-bands (Lindal et 
al., 1983), but the absorption properties of Titan ’satmosphere in the Ka-band are 
not known. 

2. 5. 1.2. Ionospheres. 

a) Introduction-. Any object in our solar system that has a neutral gas envelope 
surrounding it, due either to gravitational attraction (e.g., planets) or some other 
processes such as sublimation (e.g., comets), has an ionosphere. Radio occultation 
observations during the flybys of the Pioneer 1 1 (Saturn) and Voyager 1 and 2 space- 
craft have clearly established the existence of a robust ionosphere around Saturn. 

The retrieved electron density profiles exhibit primary maxima at altitudes 2000- 
3000 km above the 1-bar level. Those from Pioneer, in particular, exhibit a complex 
structure that suggest multiple layers of ionization. Multiple-layer structure in the 
Voyager ionospheric profiles is much more subdued, but this may be in part due to 
the fact that they were inverted only for higher altitudes. Originally, these profiles 
were retrieved only for 1500 km or higher (one profile from Voyager 2 did extend 
down to 700 km) (Eshleman et al., 1979a,b). Recently, Hinson et al. (1998a) have 
extended the electron density retrievals from the Voyager 2 occultations by Jupiter 
down to 300 km, and at the lower altitudes layered structure is quite in evidence. 
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The Pioneer measurements were carried out using a single frequency S-band 
signal, the Voyager measurements employed dual frequencies at S and X-bands. 
The signal-to-noise ratios achieved in the Voyager observations were significantly 
better than the Pioneer ones. Furthermore the dual frequency technique is particu- 
larly advantageous in the signal analysis/inversion process in the presence of sharp 
ionospheric layers, which may lead to multipath propagation. 

The three-frequency Cassini radio science subsystem will provide opportunities 
to obtain a significant number of new and high quality electron density profiles with 
a good coverage of latitudes and local time. These density profiles, combined with 
information on the time variation of the peak electron density values, to be deduced 
from the observations of Saturn electrostatic discharges (SED’s) by the plasma 
radio wave experiment, will help to advance our understanding of the physical 
and chemical processes controlling the behavior Saturn’s ionosphere. Furthermore, 
ionospheric information, combined with upper atmospheric data from the UV oc- 
cultation experiment will also help to elucidate the aeronomy of Saturn’s upper 
atmosphere. 

The radio occultation data from the flyby of Titan by the Voyager 1 spacecraft 
provided an estimate of the peak electron density at a solar zenith angle near the 
terminator. Cassini will provide, during its baseline mission, further occultation 
opportunities, with improved signal-to-noise ratios. The information from these 
occultations, combined with in situ measurements of the ionospheric plasma, will 
lead to major advances in describing Titan’s aeronomy. 

h) Saturn: As indicated above our presently available direct information regard- 
ing the ionosphere of Saturn is based on a handful of electron density profiles ob- 
tained by radio occultation measurements and peak electron density values deduced 
from SED’s. This information, combined with neutral atmospheric data obtained 
mainly from UV occultation measurements, has been used develop our present 
understanding of Saturn’s ionosphere. The major neutral constituent in Saturn’s 
upper atmosphere is molecular hydrogen, therefore the major primary ion, which 
is formed by either photoionization or particle impact, is HJ . In the equatorial and 
low-latitude regions electron-ion pair production is believed to be mainly due to 
solar EUV radiation, while at higher latitudes impact ionization by precipitating 
particles becomes very important. Although over 90% of all initial ions produced 
are HJ , their actual concentration is very small, because they undergo rapid charge 
transfer reactions. The rest of the discussion in this section will be based, for the 
sake of brevity, on photoionization (photodissociation) only, because particle ion- 
ization leads to similar products and processes. Solar radiation with wavelength 
short of 2768, 804, and 686 X,respectively, leads to 
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The resulting neutral atomic hydrogen can also be ionized 

H + /;v ^ H+ + e. (32) 

At high altitudes where hydrogen atoms are the dominant neutral gas species, 
H+ can only recombine directly via radiative recombination, which is a very slow 
process, given the recombination rate of order ~10“^^ cm“^ s“^ It was suggested 
some time ago that H+ could charge-exchange with H 2 excited to a vibrational 
state V > 4. The vibrational distribution of Hi is not known, but recent calculations 
(Cravens, 1987) appear to indicate that, while there are some vibrationally excited 
molecules present at Saturn, the corresponding charge exchange rate is not signifi- 
cant. H 2 is very rapidly transformed to H^, especially at the lower altitudes where 
Hi is dominant; H^ then in turn undergoes dissociative recombination 

H+ + Hi ^ H+ + H, (33) 

H+ + e ^ Hi + H. (34) 

Significant uncertainties have been associated with the dissociative recombina- 
tion rate of H J . However, recent measurements have shown that the rate is rapid, 
even if the ion is in its lowest vibrational state (Sundstrom et al., 1994). Models 
based upon the above discussed processes predict an ionosphere which is predomi- 
nantly H+, because of its long lifetime (~10^ s). In these models H+ is removed by 
downward diffusion to the vicinity of the homopause ('^ 1 , 100 km), where it under- 
goes charge exchange with heavier gases, mostly hydrocarbons such as methane, 
which in turn are lost rapidly via dissociative recombination. The main difficulties 
with these models are: 

1 . the calculated ionospheric density at the apparent main peak is about an order 
of magnitude larger than the observed one; 

2 . the altitude of the calculated ionospheric main peak is much lower than the 
observed one; and, 

3. the predicted long lifetime of H+ is inconsistent with the observed large diurnal 
variations in the electron density peak. 

A number of suggestions have been put forward during the last decade in order 
to overcome these difficulties. The most recent and successful models are based 
on the suggestion/assumption that water from the rings is being transported into 
Saturn’s upper atmosphere, which then modifies the chemistry of the ionosphere. 
The presence of HiO results in the following catalytic process 
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A block diagram of the chemistry scheme involving water is shown in Figure 3. 
The models which take into account this water chemistry and the recent values of 
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Figure 3. Block diagram of the chemistry scheme, including water (from Schunk and Nagy, 2000). 

SATURN IONOSPHERE 




Figure 4. Calculated and measured (solid lines) ion densities for the ionosphere of Saturn. The 
calculations take into account the inux of water and a soft electron precipitation source (from Waite 
and Cravens, 1987). 



the recombination rate for H^, lead to ionospheres consisting mainly of H+, 
and H3O+. It was shown that a downward flux of water from the rings into the 
atmosphere of the order of 1-10 x 10^ cm“^ s“^ leads to electron density values 
consistent with the observations (see Figure 4); however, no current model has 
been able to reproduce the implied large diurnal variations (Majeed and McConnell, 
1996). 

c) Titan: Titan is surrounded by a substantial atmosphere and therefore one 
expects a correspondingly significant ionosphere. The only opportunity for a radio 
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occultation measurement of such an ionosphere occurred when Voyager 1 was 
occulted by Titan. A careful analysis of those data by Bird et al. (1997) found that 
the peak electron density is about 2.4 x 10^ cm“^. 

Indirect evidence of the existence of an ionosphere was also obtained by the 
low-energy plasma analyzer measurements in the plasma wake. The various ion- 
ization sources which may be responsible for the formation of Titan’s ionosphere 
are solar Extreme Ultra-Violet (EUV) radiation, photoelectrons produced by this 
radiation, and magnetospheric electrons. Cosmic rays can cause some low alti- 
tude ionization (e.g., Capone et al., 1976) and proton and other ion precipitation 
may also make some contributions. To complicate matters even further, it is pos- 
sible that under certain circumstances, e.g., high solar wind pressure. Titan will 
be beyond the magnetopause and in the magnetosheath of Saturn. Under these cir- 
cumstances, the nature and intensity of the particle impact ionization source will 
be quite different. Calculations to date have concentrated on EUV and magneto- 
spheric electron impact ionization, the two sources believed to be the dominant 
ones. 

The next question which needs to be addressed is how do magnetospheric elec- 
trons reach the upper atmosphere. Gan et al. (1992) considered draped magnetic 
field lines and assumed that electrons enter these field lines far down the wake 
region at the “end” of these field tubes, for ram conditions, but can enter in a radial 
fashion on the wakeside. Keller et al. (1992) found that, contrary to earlier sug- 
gestions, photoionization is the main source for the dayside ionosphere, followed 
by photoelectron impact, and finally magnetospheric electron sources. Of course, 
magnetospheric electrons must dominate in the nightside ionosphere. The compre- 
hensive photochemical calculations of Keller et al. (1992), found that the electron 
density peak is about 5 x 10^ cm“^ at an altitude around 1,100 km, for / = 60°, 
and that the peak density is 3 x 10^ cm“^, at an altitude of about 1,195 km, for 
= 90°, close to the Voyager results. Similar results were obtained by Ip (1990), 
using his model published a few years earlier. Both Ip (1990) and Keller et al. 
(1992) predicted that HCNH+ is the major ion near the density peak. The block 
diagram shown in Eigure 5 indicates the production and loss pathways leading to 
HCNH+. Eox and Yelle (1997) and Keller et al. (1998) have published results from 
their new Titan ionospheric models. The Eox and Yelle (1997) results indicate that 
the pseudo-ion C^:H+ (this is the sum of all ions with three or more carbon atoms) 
is the major one. Their result is shown in Eigure 6. The Keller et al. (1998) model 
gives very similar electron densities and peak altitude. However, they still predict 
that HCNH+ is the major ion in a narrow region near the peak; the sum of the heavy 
hydrocarbon ions is also very significant in their model. 

A variety of different studies examined the issue of the transition from chem- 
ical to diffusive control in the ionosphere. Simple time constant considerations, 
as well as more detailed model solutions, have indicated that the transition from 
chemical to diffusive control takes place in the altitude region around 1,500 km. 
The magnetospheric plasma velocity (~ 1 20 km s“ ^ ) is subsonic (~2 1 0 km s“ ^ ) and 
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Figure 5. Block diagram of a proposed ion chemistry scheme for Titan (from Schunk and Nagy, 
2000 ). 




DENSITIES (cm-3) 



Figure 6. Calculated electron density profiles for Titan, assuming particle impact ionization by 30 
and 50 eV electrons (from Fox and Yelle, 1997). 



superalfvenic (~64 kms“'), therefore, no bow shock is formed and the magnetic 
field is gradually slowed as it enters Titan’s exosphere by mass loading. The mag- 
netic field strength increases, piles up and eventually drapes around Titan. This piled 
up magnetic field, similar to the so-called magnetic barrier at Venus, is expected 
to be the dominant source of pressure against the ionosphere. Using reasonable 
magnetospheric parameters Keller et al. (1994) found that the total incident mag- 
netospheric pressure is about 1 .6 x 10“^ dynes cm“^. Using a peak electron density 
of 5 X 10^ cm“^, this means that if the corresponding plasma temperature is greater 
than 700 K, the ionosphere is capable of holding off the external plasma. This 
pressure corresponds to about 20 nT, much of which is convected into the upper 
ram ionosphere, resulting in near-horizontal magnetic fields. Figure 7 is a pictorial 
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Figure 7. Pictorial representation of the interaction of Titan’s ionosphere with magnetospheric plasma 
on the ram side (from Keller et ai, 1994). 



representation of the situation for the ramside ionosphere. As indicated earlier, 
there are a large number of cases that can be considered, such as full solar and 
magnetospheric ionization sources, near-terminator conditions, and only magneto- 
spheric sources. 

d) Icy satellites: The environments of the icy satellites of Jupiter, Europa, 
Ganymede, and Callisto, have been observed through radio occultations of the 
Galileo spacecraft. Europa, and probably Callisto, were found to have a very tenu- 
ous ionosphere (Kliore et al., 1997) most likely produced by the sputtering effects 
of Jupiter’s magnetospheric particles upon their icy surfaces (Johnson et al., 1998). 
There are no deliberate occultations of Cassini by any of Saturn’s icy satellites 
designed into the current satellite tour. 

2.5.2. Techniques 

2. 5. 2.1. The Radio Occultation Technique. Radio occultation, in which a space- 
craft emitting one or more coherent monochromatic radio signals, appears to move 
behind a planet or satellite as seen from the earth, affords an opportunity for the 
spacecraft-to-earth radio links to traverse the ionosphere and atmosphere of the 
occulting body. The interpretation of the observed effects of refraction by the plan- 
etary atmosphere and ionosphere allows one to determine the vertical electron 
density structure in the ionosphere and the temperature-pressure profiles and ab- 
sorption characteristics of the neutral atmosphere (c.f., Ejeldbo, 1964; Kliore et al., 
1964). 

This technique has been applied successfully to measure the characteristics of 
the ionospheres and atmospheres of Mars (Ejeldbo et al., 1968; Kliore et al., 1965; 
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Kliore et al., 1969; Kliore et al., 1972a; Kolosov et ai, 1975; Lindal et ai, 1979), 
Venus (Fjeldbo et al., 1971; Howard et al., 1974b; Kliore et al., 1961 \ Kolosov et 
al., 1976; Kliore et al., 1979; Kliore and Patel, 1980a, 1982; Savich et al., 1986; 
Jenkins etal., 1993; Kliore and Mullen, 1989; Kliore and Luhmann, 1991; Yakovlev 
et al., 1991), Mercury (Fjeldbo et al., 1976a; Howard et al., 1974a), Jupiter (Kliore 
et al., 1974; Fjeldbo et al., 1975; Fjeldbo et al., 1976b; Kliore et al., 1976, 1977; 
Eshleman et al., 1979a,b; Hinson et al., 1997; Lindal et al., 1980, 1981; Flasar 
et al., 1998), Saturn (Kliore et al., 1980b; Lindal et al., 1985; Tyler et al., 1981), 
Uranus (Lindal et ai, 1987; Tyler et al., 1986), Neptune and Triton (Tyler et al., 
1989; Lindal, 1992), Titan (Lindal et al., 1983), Saturn’s rings (Marouf and Tyler, 
1985), and Jupiter’s satellites lo, Europa, Ganymede, and Callisto (Kliore et al., 
1975; Hinson etal., 1998a, in press; Kliore etal., 1997; Kliore eta/., 1998a, b).The 
radio occultation technique depends on being able to invert the observed changes in 
the frequency and amplitude of the radio signals during the time of the occultation 
to produce vertical profiles of the index of refraction and absorption coefficient. Lor 
the case of spherical symmetry, in which the atmospheric structure depends only on 
the radial distance from the center of the planet, the inversion techniques have been 
firmly established (c.f., Ljeldbo and Eshleman, 1968; Kliore, 1972b). This technique 
also provides a good approximation in the case of oblate planets, in which case the 
center of refraction is determined by the local radius of curvature at the occultation 
location (c.f., Kliore et al., 1976, 1977). The method by means of which which 
the refraction angle, or bending angle, s, and the ray asymptote distance, p, are 
determined for each time to can be deduced with reference to Ligure 8. 



Spacecraft 

at to ■ ^sL 




Figure 8. Geometry of a radio occultation observation. 
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Figure 8 displays the geometry in a plane defined by the position of the center 
of refraction at time to (the time at which the photon in question came closest to 
the center of refraction), the position of the spacecraft at time to — f sl (the time 
when the photon was emitted from the spacecraft antenna), and the position of the 
receiving antenna on earth at time to + 7’le (the time when the photon reached the 
receiving station, i.e., the time of the observation). These times and positions are 
iteratively computed from the ephemerides of the spacecraft, the planet center, and 
the earth center relative to the Sun, as well as the exact location of the receiving 
station. This defines the plane of refraction at to- Referring to Figure 8, the Doppler 
frequency observed with no refraction is 
E() 

ve = — ue, (38) 

c 

where i>e is v • e, the component of the planetocentric inertial spacecraft velocity v 
in the plane of refraction, in the direction of the virtual earth (receiving station at 
time of observation). If <5 v is defined as the frequency residual, relative to the “free 
space” Doppler frequency, that is caused by a refractive bending angle e, then it 
may be shown that (c.f., Phinney and Anderson, 1968) 

cosCV^E - yd) = , (39) 

Vs 

where 

V() 

Vs = -v, (40) 

c 

and, 

(41) 

Equation (39) can then be used to determine the angle fi, which under the usual 
condition of Ree ^ Rsl is equal to the bending angle, s. The corresponding ray 
asymptote distance (ray parameter), p, can then be computed as 

p = Rssin{a + P), (42) 

where 



Ve 

V^E = arccos — 

V 



cos O' — e • s, (43) 

and s is the unit vector from the spacecraft position to the center of refraction. The 
actual bending angle is then 

£ = /I + arcsin^^^ sin (44) 

Thus, for each time of observation to/ one can determine the corresponding 
bending angle and ray parameter, (£, , p,). In order to invert these data to obtain a 
vertical profile of the index of refraction, it is necessary to make use of the Abel 
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integral transform (c.f., Fjeldbo and Eshleman, 1968; Fjeldbo et al., 1971; Kliore, 
1972b). In a spherically stratified medium, the refractive bending angle can be 
expressed as 



eip) = 




dn dx 

dx n^x^ - 



(45) 



where n is the index of refraction. The inverse transform is then 



\nn{p) 



^ Jp \/P - 



(46) 



and the radius of closest approach of the ray, ro, corresponding to «(ro) is 
P 



'"0 = 



nip)' 



(47) 



The index of refraction in an atmosphere is very nearly 1.0, therefore it is more 
convenient to work with the refractivity, which is defined as 



N = {n-l)x 10®. 



(48) 



In order to calculate profiles of pressure and temperature from the refractivity, 
it is necessary to define the chemical composition of the atmosphere. For the outer 
planets, the neutral atmosphere can be assumed to consist of hydrogen and helium. 
Under those conditions, the mass density, p, in gcm“^ is related to the refractivity 
by 



P = 



mN 



(49) 



where m is the mean molecular weight 



m = /h 2«^H2 + (1 - /H2)"iHe; (50) 

and q is the specihc refractivity 

q = 0.26943(1 35. 77 /h 2 + 34.51(1 - fn,)). (51) 

In the above equations, is the number fraction of hydrogen in the atmosphere, 
the numerical refractivities of hydrogen and helium in Equation (51) are from 
Newell and Baird (1965), and R is the universal gas constant. Assuming that the 
atmosphere is in hydrostatic equilibrium 



dP = g{z)p{z)dz, 
and hence 

P(r) = Pq + P(z)g(z)dz, 



(52) 



(53) 
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and the temperature is computed from the perfect gas law, as follows: 

N{ro) m n 

T(r) = To—^ + / N(z)g(z)dz. (54) 

N(r) RN{r)J, ^ ^ ^ ^ 

Thus, once one has a profile of the index of refraction in an atmosphere, and 
its chemical composition, any other geophysical property of the atmosphere can he 
readily computed. In case of the ionosphere, since the index of refraction is depen- 
dent only on the number of free electrons, it is independent of the ion composition 
of the ionosphere, and so the refractivity is directly related to the electron density, 
as follows: 



«e(r) = 2.479 X 



(55) 



where vq is the transmitted frequency in Hz, N{r) is the refractivity in n-units, and 
«e(?') is the electron density in cm^^. 

The effects of absorption and scattering in a planetary atmosphere can be de- 
scribed by the absorptivity (or, absorption coefficient), (a)(r), having units of 
dB km“\ as follows: 

/ OO 

ads. (56) 

In Equation (56), r represents the total absorptive attenuation, or extinction 
along the path of the ray, in dB as follows: 

lOlog(^0 = -T (57) 



where / is the intensity of the signal. For a refracted ray tangentially propagating 
through a spherically stratified atmosphere with index of refraction n{r), Equation 
(56) becomes 



rip) ^ 2 



roc aix)(^)xdx 

p 



(58) 



and this can be inverted by using the Abel integral transform pair, c.f., (Jenkins 
et al., 1993) to yield the absorptivity 



1 (dpjr)\ d p r{^)^d^ 
TtP V dr ) dp jp _ p2 



(59) 



It is customary to express the attenuation of a radio frequency signal in decibels 
relative to an unattenuated signal power level, Wq 



A(z) = 10 log 



IEq 

W(z) 



(60) 



The attenuation due to absorption is obtained by subtracting refractive defocus- 
ing attenuation and correcting for antenna mispointing 
r(z) = A(z) Afief(^) T Acon-(z), 



( 61 ) 
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where 



Adef(z) ^ 10 log 



1 - D{z) 




and 



D{z) = Rs{z)cos(a + y6) + p(z)tan^-. 

The value of the optical depth, r(z) is then 
In 10 

r(z) = Aa(z)—^ ~ 0.23026Aa. 



(62) 



(63) 

(64) 



When a profile of the absorptivity, ct(z) is obtained through the procedure out- 
lined above, it can be used to infer the abundances of specific absorbers in the atmo- 
sphere, such as NH3 and PH3 in the atmosphere of Saturn, and the three frequencies 
available on Cassini will make it possible to determine their relative abundances. 
Radio occultation data from oblate or otherwise not spherically symmetrical bodies 
can also be inverted by applying ray tracing techniques (Lindal, 1992; Melbourne 
et al., 1994) 



2.5.2.2. Limb Tracking Maneuvers. During an occultation experiment, 
monochromatic waves at X, S, and/or Ka bands are downlinked to earth by the 
spacecraft high-gain antenna, using the onboard ultrastable oscillator to maintain 
coherence. When a planetary body with an atmosphere begins to occult the space- 
craft, the radio wave transmitted from the spacecraft to earth traverses the atmo- 
sphere and is refracted. In a neutral atmosphere, the molecular constituents raise the 
index of refraction above one, and the wave is refracted toward higher atmospheric 
densities, more or less inward along the potential gradient. In an ionosphere, the 
electrons dominate refraction, and decrease the index of refraction to less than one. 
In this case the wave is refracted away from high electron densities. In general, 
the ionospheric electron density does not increase monotonically with depth, and 
there can be isolated peaks in electron density. The refraction of radio waves away 
from these peaks can cause complicated diffraction patterns, leading to so-called 
multipath effects with different frequencies being detected simultaneously at earth 
(see e.g., Fjeldbo et al., 1971; Hinson et al., 1997). 

The effects of the atmosphere on the index of refraction are small. In the neutral 
portion of the atmosphere, these are largest at the highest barometric pressures 
traversed by the radio waves. At the surface of Titan (~1.5 bar) or at the 1-2 bar 
level on Saturn, where NH3 will likely extinguish the received signal, the index 
of refraction deviates from 1 by only 10“^. In ionospheres, the differences are 
even smaller, typically 10“^ at S-band for an electron densities of 1 x 10^ cm“^, 
less at X and Ka wavelengths. (The change to the index of refraction induced by 
electrons is proportional to the square of the wavelength in the radio spectrum; in 
a neutral atmosphere, the change is independent of wavelength.) However, these 
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Figure 9. Idealized geometry for that portion of the entry phase of an occultation when the radio 
waves traverse the neutral portion of an atmosphere. 

small differences, particularly in the neutral atmosphere, can induce large enough 
changes in the direction of the propagation of the radio wave and in its frequency in 
the earth-fixed frame of reference, relative to what would occur in the absence of the 
atmosphere, that an active strategy is required to avoid loss of the received signal. 

Figure 9 illustrates an idealized geometry for that portion of the entry phase of 
an occultation when the radio waves traverse the neutral portion of an atmosphere. 
Here, the spacecraft moves on a trajectory perpendicular to the earth-spacecraft 
line of sight, hut this does not materially affect the following discussion. During 
entry the radio waves, depicted as rays in the figure, progressively traverse deeper 
layers of the atmosphere, and the bending angle, s, increases. At the surface of 
Titan, the bending angle amounts to 2° ~ 34 mrad, and this is also comparable to 
that at the 2-bar level in Saturn’s atmosphere. This angle is close to the full-width at 
half power of the S-band diffraction limited spacecraft high-gain antenna pattern, 
but much larger than those at X-band (9 mrad) and Ka-band (2 mrad, designed to 
be slightly defocussed from the diffraction limit). 

Hence the spacecraft high-gain antenna must continuously track the virtual im- 
age of earth on the occulting limb in order to avoid loss of the signal. This is 
necessary not only to maintain lock in the Doppler tracking, but also to measure 
the signal intensity accurately. The observed attenuation is the sum of that from re- 
fractive defocusing and that from absorption by the atmosphere. The former results 
from the rays being refracted through larger angles as they successively lie deeper 
in the atmosphere (Figure 9). This can be computed once the Doppler shifts in fre- 
quencies from refraction in the atmosphere are determined. The absorption is the 
difference between the observed attenuation and that computed from defocusing. 
It is important to distinguish between variations in signal intensity from atmo- 
spheric effects and those associated with errors in maintaining the virtual image 
of earth in the Foresight of the antenna beam. Inevitably errors in both spacecraft 
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pointing control (currently 2 mrad) and reconstruction (much smaller) arise during 
an occultation, and these need to he minimized. 

The effects of refraction must also be taken into account when selecting the 
frequencies from the local oscillator to mix with the received signal at the DSN 
tracking station and the bandwidth to be used for the digitized recordings. The 
mixing must be done in order to convert the GHz frequencies of the received signal 
to the kHz, or audio-range, so that digitization of the signal is possible. From 
Figure 9, the Doppler shift in frequency from refraction is given approximately as: 

V 

Sv = vq-s (65) 

c 

for small s to first order in v/c, where v denotes the planetocentric spacecraft 
velocity component normal to the earth direction in the plane of refraction. For 
typical Titan occultations, this velocity is at most 5.6 kms“*. With e ~ 34 mrad, 
Av/v ~ 6 X 10“^, or Av ~ 1.5 kHz at S-band. 

Generating the local oscillator frequency record for the receiving station thus 
requires a model atmosphere for the occulting body to simulate the effects of 
refraction on the frequency shift, so as to maintain the mixed signal near the center 
of the audio-range recording bandwidth. The bandwidth itself is selected to account 
for navigation errors and actual variations in atmospheric properties from the model. 
Typically, this is chosen as conservatively as possible to minimize the possibility 
of signal loss without making the digitized recordings intractable. For example, 
Galileo radio occultations by Jupiter and its satellites were recorded with a 2.5-kHz 
bandwidth at S-band (see e.g., Hinson et al., 1997; Kliore et al., 1997). Voyager 
occultations of the outer planets and Titan were recorded at larger bandwidths, as 
these atmospheres were less well characterized at the time: 5-25 kHz was typical 
at S-band, with the exception of 50 kHz for Saturn, because of the wider bandwidth 
required for the adjacent occultation of its rings (Lindalcta/., 1981, 1983, 1985a, b, 
1987, Lindal, 1992). 

2.5.3. Major Requirements 

As in the case of ring occultations, the quality of atmospheric and ionospheric 
occultation data depends on the phase and amplitude stability of the three radio 
links, the signal-to-noise ratio available on these links, and the orbital geometry 
which defines the occultation locations on the target body and their characteristics. 
Since atmospheric and ionospheric occultations will be conducted only in the one- 
way mode, the discussion of the USO stability and the SNR in Section 2.4.3 applies 
equally here. The requirements on the orbital geometry are given below. 

The requirements for Saturn occultations are as follows: 

1. A sufficient number of Saturn occultations well spaced in latitude in both the 
Northern and the Southern hemispheres. This is needed to provide data on zonal 
wind speeds at different altitudes and latitudes, as well as to sample the iono- 
sphere structure and the ammonia abundance at different latitudes. 
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The requirements for Titan occultations are: 

1 . A sufficient number of Titan occultations well spaced in latitude in both hemi- 
spheres to provide data for the derivation of the global zonal circulation of Titan’s 
atmosphere. 

2. An adequate sampling of the ionosphere at different locations relative to the 
magnetospheric ram direction. 

3. Occultations that are not fast enough to require the use of thrusters to carry out 
the limb-tracking maneuvers (Section 2.5.2.2). 



3. Radio Science Instrument 



3.1. Overview 

Among the Cassini instruments, the radio science instrument is unique in that is 
not confined to the spacecraft, and that part which is on the spacecraft is distributed 
among several subsystems. It can be regarded as a solar-system-sized instrument 
observing at microwave frequencies, with one end of the radio path on the spacecraft 
and the other end at DSN stations on the ground. 

3.1.1. Functional Description 

Figure 10 shows a functional block diagram abstracting those elements of the 
Cassini orbiter and the DSN that make up the radio science instrument. The instru- 
ment operates in two fundamental ways, distinguished by whether the microwave 
optical path has one or two legs. 

For two-way measurements, the uplink can be a single carrier signal at either 
X-band (~7.2 GHz) or Ka-band (~34 GHz), or both carriers can be transmitted 
at the same time. These signals are generated by the DSN receiver/exciter system, 
using as a reference the local frequency and timing system. The DSN frequency 
standard is a combination of a Hydrogen Maser and a Sapphire Cavity Oscillator. 
The uplink signals are amplified, radiated through feed horns, and collimated by a 
large parabolic ground antenna, which is continuously aimed at the Cassini space- 
craft. The actual transmission frequencies can be adjusted to allow the spacecraft 
receivers to lock to the uplink signals and to compensate, finite steps, for the main 
part of the Doppler effect between the earth and the Cassini Orbiter. In this mode 
spacecraft radio equipment forms a repeater, collecting the carrier signal with the 
spacecraft’s high gain antenna (HGA), transforming it to one or more downlink 
frequencies (2.3 GHz, 8.4 GHz, or 32 GHz) that are coherent with the uplink, am- 
plifying and re-collimating it, and sending it back to earth. The returning signal is 
detected using DSN ground receiving equipment, amplified and downconverted, 
and recorded for later analysis. In a variant of the two-way mode, the downlink is 
received at a different ground station; this three-way technique has been found very 
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Figure 10. The distributed radio science instrument. 

useful to isolate anomalous noise sources and to improve the science return from 
most of the radio science experiments. 

For one-way measurements, the signal source is on board the Cassini orbiter. 
The output from on-board ultrastable oscillator (USO) is transformed to down- 
links at S-band (2.3 GHz), X-band (8.4 GHz), or Ka-band (32 GHz) by elements 
in the radio frequency subsystem (RFS) and radio frequency instrument subsys- 
tem (RFIS). These signals are amplified and radiated through the HGA toward 
earth. After passing through the medium of interest, the perturbed signal is col- 
lected by a DSN antenna, amplified and downconverted, and recorded for later 
analysis. 

3.1.2. Measurements 

The scientific observables are phase, frequency, and amplitude perturbations on the 
S-, X-, and Ka-band signals that are transmitted between the spacecraft and the 
ground. These perturbations are induced by: 

- passage through atmospheres, ionospheres, plasmas, and populations of particles 
(rings); 

- gravitational accelerations of the spacecraft caused by nearby masses; 

- relativistic effects. 

Because the perturbations induced by the phenomena under investigation are 
very small, it is essential that sources of obscuring noise be minimized. The 
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contribution of the Doppler effect due to the spacecraft and ground antenna motions 
must be removed, which is a key step in the processing of the data. In the spacecraft 
and ground equipment, this means that all components have to preserve as much 
dimensional and electrical stability as can be accomplished within mass, power, 
and environmental constraints. The key characteristics of the radio frequency (RF) 
signals have to be maintained over short and long integration times. Short-term sta- 
bility is generally measured as phase noise. Stability over longer integration times 
is described by the so-called Allan deviation parameter Oy, a statistical measure of 
contiguous differences of frequency measurements. In general, the requirements 
are that phase noise be >60 dB below the carrier in the frequency bands where 
radio science measurements are made, and that the Allan deviation range from 
2 X 10“^^ at 1-second integration time to 1 x 10“^^ at 1000-second integration 
time. 

Investigations dealing with the composition, chemistry, and dynamics of plan- 
etary atmospheres and ionospheres use the instrument in its one-way mode at 
all three downlink frequencies. Ring studies and measurement of general rela- 
tivistic time delay during solar conjunction are also conducted using the non- 
coherent mode. Data samples for these experiments are integrated over short 
times (<1-100 s), where the USO-driven signal provides the best stability. In 
the one-way mode, measurements can be started immediately after the spacecraft 
emerges from behind a planet or satellite. Using the one-way mode avoids po- 
tential lock up problems associated with a deep egress atmospheric occultation. 
The one-way path also avoids complications that would be introduced into data 
analysis by two passages, separated in time and space, through the target under 
study. 

Two-way Doppler experiments in cruise and during the tour use the same link 
system, X-band and Ka-band (when available) uplink and downlink. An additional 
observable is provided by the possibility of locking to the X-band uplink an addi- 
tional Ka-band carrier downlink as shown in the Riley report (Riley et al., 1990). 
This will allow essentially complete calibration of the plasma contribution to the 
noise, which is the crucial factor in two way experiments, especially during con- 
junction experiments, when the signal propagates through the heavily ionized and 
turbulent medium of the solar corona. This is a necessary condition for the coherent 
reconstruction of the signal over the long duration of the experiment. 

3.2. Spacecraft Elements 

On the Cassini Orbiter, the radio science instrument is encompassed in the radio 
science subsystem (RSS). RSS is really a virtual subsystem in that it is composed 
of elements from three spacecraft subsystems, two of which have other functions 
to perform as well. The subsystems that participate in RSS are the REIS, the RES, 
and the Antenna Subsystem. Eigure 11 illustrates the elements of the subsystems 
that make up RSS, and the RE paths through the instrument that are involved in 
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a. Two-way configuration: f1 = DST receiver channel frequency: fk = KAT VC) frequency 




Figure 11. Radio frequency paths through the Cassini Orbiter radio science subsystem for two-way 
configuration (a) and one-way configuration (b). 



its various operational modes. Figure 11a shows the signal paths available when 
the instrument is in two-way configuration, while Figure 11b shows those for the 
one-way configuration. In each case the active signal paths and subassemblies are 
depicted in bold. 
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3.2.1. Radio Frequency Subsystem 

The primary function of the RFS, a redundant critical engineering subsystem, is 
to support spacecraft telecommunications. RFS receives commands and transmits 
telemetry at X-band; its carrier is also the source of the X-band downlink signals 
used by radio science. For radio science purposes, the key components are the USO, 
the deep space transponders (DSTs) and the X-band traveling wave tube amplifiers 
(X-TWTAs). 

The RFS has three modes of operation: 

- two-way coherent mode, where the receiver in the DST is locked to the uplink 
and the downlink is referenced to, or coherent with, that uplink; 

- two-way noncoherent mode, where the receiver is locked to the uplink and the 
exciter in the DST is referenced to either the USO or the transponder’s auxiliary 
oscillator; and 

- one-way mode, where there is no uplink and the exciter is referenced to either 
the USO or the transponder’s auxiliary oscillator. 

When RSS is operating in two-way mode, RFS is in its two-way coherent mode. 
The active DST receives a 7.2 GHz uplink signal from the HGA or one of the 
two low gain antennas (LGAs), amplifies it, and translates it by the ratio 880/749 
into an 8.4 GHz downlink. The precise frequency of the uplink of course depends 
on the Doppler shift experienced in its transit from the ground. The DSTs are 
capable of locking onto a signal as low as -155.8 dBm. The DST also generates 
input signals, coherent with the uplink, for the S-band transmitter (SBT) and the 
Ka-band exciter (KEX) in the RFIS. For the SBT, a single input at 115 MHz 
is supplied. The KEX receives input at 8.4 GHz and a reference signal at 115 
MHz. 

Eor one-way radio science experiments, RES will be in either one-way or two- 
way noncoherent mode. The USO (the DST’s auxiliary oscillator is not stable 
enough to use for radio science) provides a 115 MHz input to the DST exciter, 
which multiplies it to 8.4 GHz for the X-band downlink and for the 8.4 GHz input 
to the KEX. The SBT input and the 1 15 MHz reference signal for the KEX are sent 
directly from the USO. 

Cassini’s USO is a crystal oscillator based on a carefully selected 4.8 MHz 
quartz resonator, which is housed along with its oscillator circuit and oven control 
circuit in a titanium Dewar whose internal temperature is maintained constant to 
within O.OOUC by a proportionally controlled oven. The USO’s 1 14.9 MHz output 
provides a reference signal for the DST, SBT, and KEX that has exceptional short- 
term phase and frequency stability. 

The X-band downlink from the DST is amplified by the X-TWTA to 15.8 W, 
and radiated to earth through the HGA or whichever of the two LGAs is active. 
X-band is the only frequency available to radio science when the spacecraft is not 
using the HGA. 
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3.2.2. Radio Frequency Instrument Subsystem 

The elements in the RFIS are devoted exclusively to radio science. They include the 
SET, the KEX, the Ka-band Translator (KAT) and the Ka-band TWTA (K-TWTA). 
Primary application of the SET and the KEX is in one-way experiments, though the 
KEX will also be used in two-way (X-up, Ka-down) mode. The SET transmits a 
13.5W, 2.3 GHz carrier derived from the 1 15 MHz reference provided by the DST, 
through a diplexer contained in the probe receiver front end (REE), to the HGA. 
The KEX multiplies its 115 MHz reference by 11/3, mixes the result with its 8.4 
GHz input, and multiplies by 4 to produce 32 GHz. That output is routed through 
a hybrid coupler contained in the KEX subassembly to the K-TWTA. 

Used only in two-way mode, the KAT turns a 34 GHz uplink signal from the HGA 
into a coherent 32-GHz downlink using a 14/15 translation ratio. The translator is 
capable of generating a downlink with 1000-second Allan deviation of 3 x 10“*^ 
from input signals as low as — 1 32 dEm. KAT output goes through the hybrid coupler 
in the KEX subassembly and then to the K-TWTA . Amplification of Ka-band 
output from both the KEX and the KAT, singly or simultaneously, is accomplished 
in the K-TWTA. The amplifier produces a total output power of 7.2 W when 
operating with one carrier and 5.7 W in dual-carrier mode. Like the SET, it feeds the 
HGA only. 

3.2.3. High Gain Antenna 

While all the Cassini Orbiter antennas are usable at X-band, only the HGA transmits 
all the radio science frequencies. In addition to supporting telecommunications and 
radio science, the HGA also serves as the transmit and receive antenna for the 
Cassini Radar and for the probe relay link. It is the most complex antenna ever 
flown on a planetary spacecraft, functioning at S-band, X-band, Ka-band, and Ku- 
band. Its functions are illustrated in Eigure 12 . The portions used for radio science 
experiments or in-flight tests are highlighted. 

Carrier signals transmitted between the spacecraft and the ground are all circu- 
larly polarized. X-band signals are received and transmitted with right-hand circular 
polarization through the RES A-string diplexer and with left-hand circular polar- 
ization through the E -string diplexer. The Ka-band uplink is left-hand circularly 
polarized, the downlink right-hand circularly polarized. The S-band downlink is 
right-hand circularly polarized. The S-band transmit signal path is shared between 
the probe relay link and radio science. 

3.3. Ground Elements 
3.3.1. Deep Space Network 

The DSN comprises three complexes around the globe, called the deep space com- 
munication complexes (DSCC), located in the desert of Southern California, near 
Madrid, Spain, and near Canberra, Australia. Each complex is equipped with sev- 
eral tracking stations of different aperture size and different capabilities. Each 
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Figure 12. The Cassini antenna subsystem, with radio science functions emphasized. 



complex has one 70-m diameter station, one 34-m high-efficiency (HEF) station, 
and at least one 34-m beam-wave-guide (BWG) station. Though their primary 
functions are to send commands to and to receive telemetry from space probes, 
these complexes have been designed to be an integral part of the radio science 
instrument (Asmar and Renzetti, 1993). As such, their performance and proper 
calibration directly determine the accuracy of Radio science experiments. The fol- 
lowing subsystems of the DSN stations are relevant to acquisition of radio science 
data (see Figure 13): the monitor and control subsystem, the antenna mechanical 
subsystem, microwave subsystem, receiver-exciter subsystem, transmitter subsys- 
tem, tracking subsystem, spectrum processing subsystem, and frequency and timing 
subsystem. 

The monitor and control subsystem receives and archives information sent to the 
complex from the control center at JPF. It also handles and displays responses to di- 
rectives for configuration or information. Operator control consoles at the complex 
central processing center allow centralized control of all station subsystems within 
that complex. The center receives and distributes schedules of activities, sequence 
of events, prediction files for pointing the antennas and tuning the receivers, and 
other information. 

The antenna surface performs two functions. As part of the receiving function, it 
acts as a large aperture to collect incoming energy transmitted from a spacecraft and 
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Figure 13. DSN subsystems relevant to the acquisition of radio science data. 



focus it onto the feed horns. The subreflector is adjustable in the axial and angular 
positions in order to correct for gravitational deformation due to the motion of 
the antenna between zenith and the horizon. The primary surface is a paraboloid, 
modified for optimized illumination and signal stability. As part of the transmitting 
function, the antenna surface is used to form a narrow microwave beam that is 
directed to the spacecraft. 

The electronics handles the received signal in two main steps. First the mi- 
crowave subsystem accepts the S-, X-, and/or Ka-bands (depending on the station) 
and directs them via polarizer plates and microwave mirrors to low-noise ampli- 
fiers. Then the amplified signals are downconverted by local oscillators and routed 
to the receivers. These two processes set the electronics contribution to the over- 
all amplitude sensitivity (usually measured as system noise temperature) and fre- 
quency/phase stability (generally quantified in terms of Allan deviation and phase 
noise respectively). 

Two types of receivers (part of the receiver-exciter system) can be used: closed- 
loop and open-loop. (The distinction is that the closed-loop receiver estimates 
parameters such as phase and amplitude in real time with standardized values of 
receiver band widths and time constants; the open-loop receivers record the pre- 
detection electric field for subsequent non-real time processing.) The closed-loop 
receiver (Block V Receiver) is the primary DSN receiver for telemetry and tracking 
data. It phase-locks to the signal carrier and demodulates science data, engineering 
data, and ranging signals transmitted by the spacecraft. The tracking subsystem 
measures Doppler shifts and ranging information based on the closed-loop receiver 
output. 

The open-loop receiver (called the radio science receiver) downconverts and 
digitizes a selected bandwidth of the spectrum centered around the carrier signal. 
It utilizes a fixed first local oscillator and a tunable second local oscillator that is 
driven by a tuning “predict set” (predicted downlink frequency versus time) that 
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takes into account the relative motion between the spacecraft and ground station. 
The predict set can also take into account the atmospheric effects of the planet 
under study. With no real-time signal detection requirements, the open-loop system 
provides flexibility in post-processing of the data. It is also designed with stringent 
requirements on amplitude, frequency and phase noise stability. Additional advan- 
tages of the open-loop reception include the simultaneous handling of signals in two 
polarization states as well as capturing multiple signals resulting from multipath 
propagation between the spacecraft transmission and the earth reception. 

The transmitter subsystem utilizes a frequency reference to synthesize the uplink 
frequency channel assigned to a specific spacecraft. It also has the capability to tune 
the uplink to account for the Doppler shift on the uplink. The DSN can transmit at S-, 
X- or Ka-bands depending on the transmitting station and the receiving spacecraft. 
A record of the transmitted frequencies is saved for post-processing of the two-way 
Doppler observable, as necessary. 

The frequency and timing subsystem provides a reference that drives the local os- 
cillator devices throughout the complex. Global positioning system (GPS) satellites 
are utilized for inter-complex timing calibration. Currently centered on hydrogen 
masers, the frequency and timing system will be upgraded to include additional 
devices to meet the Cassini requirements including a linear trapped ions standard 
with a cryogenic local oscillator and a feedback-stabilized frequency distribution. 
Performance of the frequency and timing subsystem to fractional frequency stabili- 
ties of order 10“^^ for integration times of 1000 s, as well as phase noise lower than 
—75 dBc at 100 Hz from a Ka-band carrier, is fundamental to many radio science 
observations. 

3.3.2. 70-m Stations 

The 70-m diameter stations of the DSN (DSS-14, DSS- 63, and DSS-43) are cur- 
rently equipped for transmission at the S-band frequencies and reception at S- and 
X-band frequencies. Future upgrades to transmit at X-band are possible. The mi- 
crowave subsystem allows reception at both polarizations such that the right circular 
polarization (RCP) and left circular polarization (LCP) components of each band 
can be received via the radio science System. Accurate pointing of the 70-m stations 
is achieved by either active conical scanning or via blind pointing, driven by pre- 
dicts of the spacecraft’s position on the sky. It is anticipated that the 70-m stations 
will be used for occultation and other experiments requiring S-band reception from 
the Cassini spacecraft. The new BWG stations in Spain and Australia also may be 
used for occultation measurements. 

3.3.3. Beam Wave-Guide Stations 

The 34-m diameter BWG stations have been recently added to the DSN. Several 
BWG stations will exist at the California DSCC and one station each will be at 
the Spanish and Australian complexes. It is anticipated that only one BWG station 
will be instrumented for transmission and reception at Ka-band frequencies. This 
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Station in California (DSS-25) was developed to meet stringent Radio Science 
requirements on all of its components, including special structural and pointing 
requirements unique to a high-precision two-way Ka-band capability. In time for 
Saturn’s tour, it is expected that Ka-band downlink will be available at 34-m BWG 
stations DSS-54 and DSS-34 in Spain and Australia, respectively. 

3.3.4. High-Ejficiency Stations 

The 34-meter diameter high-efficiency DSN stations (DSS-15, DSS-65, and DSS- 
45) are equipped for transmission at X-band and are optimized for reception at 
X-band. The microwave and receiver subsystems allow for the reception of two 
channels simultaneously. The station pointing capabilities and strategies are similar 
to those of the 70-m stations. 

3.3.5. Media Calibration System 

The earth’s atmosphere contributes phase and amplitude noise to a spacecraft radio 
signal received at a ground station. A system to calibrate the effects of the atmo- 
sphere on the phase of the microwave signal is under development especially for 
Cassini radio science experiments utilizing Ka-band, where excellent end-to-end 
frequency and phase stability is required. The purpose of this media calibration sys- 
tem is to provide a line-of-sight calibration of the water vapor delay (responsible 
for most of the atmosphere induced phase fluctuations at microwave frequencies) 
during DSS-25 radio science experiment passes. It will also provide estimates of the 
total zenith delay and delay fluctuation. This will be accomplished via several com- 
ponents of the system. An advanced water vapor radiometer will sense the number 
of water vapor molecules along the line-of-sight, a microwave temperature profiler 
will sense the vertical temperature distribution, a surface meteorology package will 
measure the temperature, pressure, and humidity, and a GPS receiver will provide 
the total zenith delay estimates. 

3.3.6. Other Stations 

The utility of stations other than those of NASA’s DSN has been proven for sev- 
eral radio science experiments on past missions. For example, arraying of different 
antennas has improved the signal strength coming from an extremely distant space- 
craft (as during the Voyager Neptune encounter, where Australian and Japanese 
stations also recorded the received signals in collaboration with the ight project and 
science team.) 

More recently, the contribution of an Italian station and a Japanese station has 
proven valuable to the radio science experiments on the Ulysses mission. These 
stations are normally equipped with a dual S- and X-bands receiver and a hydrogen 
maser frequency standard in order to perform very long baseline interferometry 
studies. Adding a dedicated instrument to these radio telescopes made it possible to 
measure the phase and amplitude of the S- and X-band carrier signals transmitted 
from Ulysses. This instrument, called a digital tone extractor, has been used at 
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both the Medicina 32-m parabola in Italy and at the Kashima observatory in Japan. 
Medicina successfully participated in the three measuring campaigns of the 1991, 
1992 and 1993 opposition and conjunction experiments made with Ulysses. The 
operation started with the transfer of trajectory information from JPL to the station 
where pointing coordinates and the downlink Doppler shifts were computed. The 
acquired data were comparable in quality to the DSN data for those experiments. 

The information collected at these two stations enabled the sampling of a propa- 
gation path across a substantially different region of the troposphere and ionosphere 
than those of the DSN stations. Furthermore, the data were useful in understanding 
the DSN-acquired data at times of unusual behavior of the signal or equipment. 

The availability of non-DSN stations, capable of operation up to Ka-band and 
available for limited times during specific mission events, has become crucial since 
existing plans allow for only one DSN station (DSS-25, discussed earlier) expressly 
dedicated to the Cassini radio science experiments at Ka-band. The possible fu- 
ture availability of an Italian station, located more than 120° away in longitude 
from Goldstone, would almost double the tracking time at Ka-band for Cassini. 
This could significantly improve the integration time for gravitational wave ex- 
periments, as well as benefit other radio science research. Availability of such 
non-DSN stations might open new opportunities during the cruise and tour phase 
of the Cassini mission, in addition to reducing the tracking load on the DSN under 
critical conditions. 



4. Conclusion 

At the time this paper is being written, a partial check-out of the radio science 
instrument indicates very good performance, and scientific data were obtained 
during the flybys of Venus and Earth. The investigators are working at planning 
future observations and looking forward to successful cruise and tour experiments. 
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Abstract. The Cassini RADAR instrument is a multimode 13.8 GHz multiple-beam sensor that can 
operate as a synthetic-aperture radar (SAR) imager, altimeter, scatterometer, and radiometer. The 
principal objective of the RADAR is to map the surface of Titan. This will be done in the imaging, 
scatterometer, and radiometer modes. The RADAR altimeter data will provide information on relative 
elevations in selected areas. Surfaces of the Saturn’s icy satellites will be explored utilizing the RADAR 
radiometer and scatterometer modes. Saturn’s atmosphere and rings will be probed in the radiometer 
mode only. The instrument is a Joint development by JPL/NASA and ASl. The RADAR design 
features significant autonomy and data compression capabilities. It is expected that the instrument 
will detect surfaces with backscatter coefficient as low as —40 dB. 



1. Introduction 



The Cassini spacecraft, launched on October 15, 1997, carries a multimode Ku-band 
(13.8 GHz, A.2. 17-cm) radar instrument (RADAR) designed to probe Titan’s surface 
and other targets in the Saturn system. It is distinguished by a number of novel 
features which accommodate the large geometric variations in flyby trajectories 
and the wide range of uncertainty in surface properties, and which efficiently utilize 
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the limited spacecraft resources such as the data rates, the data volumes, and power. 
This article describes the science objectives, operational modes, and general design 
of the RADAR; the description given here updates the report published previously 
(Elachi et al, 1991). 

The RADAR will investigate the surface of Titan using all four of its opera- 
tional modes — imaging, altimetry, scatterometry, and radiometry. The radiometry 
and scatterometry will also be used to investigate other targets. The utility of radar 
imaging of solar-system objects, inaccessible to remote sensing at visible wave- 
lengths has been demonstrated most dramatically by the success of the Magellan 
radar experiment at Venus (Johnson, 1991; Pettengill et al, 1991; Saunders et al, 
1992). It has been known since the early 1960s (e.g. Pettengill et al, 1962) that the 
cloud-shrouded surface of Venus is solid. The correspondence in the radar cross- 
sections between Venus and the Moon, Mars, and Mercury (see, e.g. Ostro, 1993) 
indicated a gross similarity — both compositional and morphological — of Venus’ 
surface to the surfaces of the inner planets. The Arecibo and Goldstone radars had 
produced impressive images of the part of Venus that faces the Earth when the 
two planets are closest and hence when Venus radar echoes are strongest (see, e.g. 
Campbell et al, 1983). Thus, even prior to the launch of the Magellan mission (and 
the Pioneer Venus and Venera 15/16 missions before) the expected return signal 
was fairly well understood and the results of the imaging operations anticipated. 
That situation does not prevail in the case of Titan, though some globally averaged 
radar reflectivity information exists. 

Historically, the telescopic appearance of Titan has been compared to that of 
Mars and ascribed to the same physical causes. In the words of the discoverer of the 
atmosphere on Titan (Kuiper, 1944), “the color of Titan is orange, in marked con- 
trast to Saturn and its other satellites or with Jupiter and its satellites. It seems likely 
that the color is due to the action of the atmosphere on the surface itself, analogous 
to the oxidation supposed to be responsible for the orange color of Mars.” The 
Voyager images confirmed that the ball of Titan was indeed orange but the color 
has been attributed to the suspended products of the photo- and radiation-induced 
dissociation of atmospheric methane. As far-fetched as the idea of Titan made of 
iron oxides may seem, it was justified by the density estimates current in Kuiper’s 
time, which made Titan even denser than the Moon (see Table 2 in Kuiper, 1944). 
The post- Voyager value of Titan’s density, 1.88 g cm^^ (Tyler et al, 1981; Lindal 
et al, 1983), allows for a silicate abundance comparable to or less than that of ices 
and organics together. The suspended aerosol particles represent one end state of 
the photolysis of methane, which also results in the escape of hydrogen from the 
planet. Post- Voyager estimates put the loss time of all the atmospheric methane at 
about 1% of the age of the solar system. To account for the supply of methane in the 
atmosphere, a family of models proposed to date require (or admit) the existence 
on the Titan’s surface of a massive, perhaps global, methane reservoir, along with 
ethane, propane, and other hydrocarbons (Lunine et al , 1983; Dubouloz etal , 1989; 
Lunine and Rizk, 1989; Lunine, 1993). But the 1.7 dielectric constant of most light 
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hydrocarbons at 90 K (e.g. Straty and Goodwin, 1973; Sen eta/., 1992), implies that 
the reflectivity of an ethane-methane mixture is equal to 0.02. Titan, if it were indeed 
covered by a smooth, deep ethane-methane ocean, would generate a weak, specu- 
lar, longitude-independent radar echo. The results of the A,3.5-cm GoldstoneA'^LA 
Titan radar experiments indicate otherwise: Titan has been found to return a rela- 
tively strong, diffuse, and longitude-dependent echo (Muhleman et ai, 1990, 1992, 
1993, 1995). On the average. Titan behaves in a manner similar to a Lambertian 
scatterer, with echoes returned by nearly the entire Earth-facing hemisphere. The 
radar cross-section peaks around longitude 90° W (Figure 16 in Muhleman et al, 
1 995), suggesting that a sizeable segment of the Titan’s leading hemisphere is free of 
liquid hydrocarbons. Measurements of the A,3.5-cm radio emission from Titan have 
yielded emissivity of 0.88 ± 0.03; this corresponds to materials with the dielectric 
constant of 2.9 ± 0.6 (Grossman and Muhleman, 1992). Taken alone, the A3.5-cm 
reflectivity and the angular scattering behavior of Titan are closer to those of Callisto 
than other radar-studied targets (Figure 17 in Muhleman et al . , 1995). When the cir- 
cular polarization ratio (i.e., the ratio of the same-sense to the opposite-sense circu- 
larly polarized cross-sections), /Zc, is also taken into account, the main-belt asteroid 
4 Vesta, believed to have basaltic crust, emerges as the closest radar analog to Titan 
(Mitchell et al . , 1996; Figure 1). Kuiper erred in assessing the reasons for the optical 
appearance of Titan, but he seems to have anticipated Titan’s radar properties — 
perhaps for wrong reasons also. Contamination by silicates may be responsible for 
the Vesta-like radar characteristics of Titan, as might coating by solid photolytic 
debris. (For a review of the dielectric properties of higher hydrocarbons, see Thom- 
son and Squyres, 1990.) As a consequence of the GoldstoneWLA measurements a 
global ocean on Titan should be seen as improbable, but discrete ethane-methane 
lakes or inland seas are by no means ruled out. Telescopic observations in the 0.9, 
1.1, 1.3, 1.6, and 2.0 /xm methane windows confirm the apparent heterogeneity of 
Titan’s surface (Griffith etal., 1991; Griffith, 1993; Lemmon et al., 1993, 1995). 
Regional albedoes might be consistent with the presence of the water/ammonia ice 
and of an unspecified dark material — ^possibly the debris left behind by the methane 
photochemistry. The 0.9 and 1 . 1 /xm Hubble Space Telescope maps of Titan (Smith 
and Lemmon, 1993; Smith et al., 1996) show a feature with an albedo of about 8% 
above the background, centered at the longitude of 1 10°W, and covering 10^ km^ 
(i.e. 10% of the total area of Titan). The feature is located on the surface itself 
and coincides with the source region of the strong GoldstoneWLA radar echoes 
(Figure 8 in Smith et al. , 1996). The demise of the notion of a global ocean makes the 
case for orbital imaging of Titan even more compelling. Given the contrast between 
the higher-permittivity “bedrock” and the lower-permittivity liquid hydrocarbons, 
detection of ethane-methane lakes in the RADAR data should be a straightforward 
matter. 

The bright IR/radar feature has been referred to as a “continent,” but its actual 
physical nature is unknown. Neither an impact-related excavation of cleaner ice nor 
a volcanic resurfacing of the (presumably) tholin-coated bedrock are deemed to be 
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Figure 1. The A3.5-cm opposite-sense radar albedo, CTqc, vs. the circular polarization ratio, /Zc, for 
the Moon, Titan, 4 Vesta, Callisto, Europa, and Ganymede. Data sources'. The Moon, Table 3 in 
Harmon and Ostro (1985) and Table 1 in Pettengill (1978); Vesta, Table 7 and Figure 1 1 in Mitchell 
et al. (1996); Callisto, Europa and Ganymede, Table 8 in Ostro et al. (1992). The value for the mean 
cross-section of Titan is from Muhleman et al. (1995), p. 369. The error bar on /Cc for Titan was 
computed from data in Table 1 in Muhleman et al. (1995). Ganymede and Europa are included for 
comparison, as the objects with the most extreme radar properties. 
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the likely generation mechanism of the feature (Smith et al., 1996). Since methane 
precipitation is possible on Titan (Toon et al, 1988), and the associated limitations 
on the erosion rates are at least qualitatively understood (Lorenz, 1995a; Lorenz and 
Lunine, 1996), the bright feature has tentatively been identified as a topographic 
high exposed to the cleansing effect of methane rainfall (Smith et al, 1996). Since 
that cleansing would wash away tholin deposits, the enhanced strength of the radar 
echo, returned presumably by clean (or cleaner) ice, could then be easily explained. 
The seasonal hemispheric brightness variability, the other telescopically observed 
phenomenon on Titan, is probably related to processes taking place well above the 
surface (Caldwell et al, 1992; Lorenz et al., 1997), and thus is of no immediate 
interest to RADAR. 



2. Science Objectives 

The overall science objectives of the Cassini mission include five Titan-specific 
objectives. Two of these — the determination of the physical state, topography, and 
composition of the Titan’s surface; and the measurement of global temperatures 
and general circulation on Titan — constitute the overriding goal of the RADAR 
experiment. Whenever feasible, the RADAR will also conduct observations of 
the icy satellites, Saturn’s rings, and Saturn itself. The Titan observations, how- 
ever, constitute the highest scientific priority for the RADAR, and they drive its 
design. 
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2.1. Titan 

The general objective of the RADAR experiment is to carry out the first-order 
geological reconnaissance of Titan’s surface and to derive a quantitative charac- 
terization of the surface. The approach is to use microwave radiation to penetrate 
opaque atmosphere, map the surface, and, combining RADAR data with the data 
from the Cassini optical remote sensing instruments, obtain a comprehensive un- 
derstanding of Titan’s physical condition. An important early objective is to acquire 
coverage of the Huygen’s landing site. The purpose here is to give regional con- 
text to the data generated by the probe payload and particularly to the topography 
measurements from the probe’s own (optical) imager and radar altimeter. 

A global view of Titan and its geological and climatological history will result 
from mapping in all four RADAR modes. Special attention will be paid to the 
moon’s cratering record. The crater size distribution, particularly as a function 
of elevation, will provide a constraint on the duration and extent of any episodes 
of atmospheric collapse (Engel et at, 1995). Crater morphology is an indicator of 
subsurface structure and, by implication, of Titan’s thermal history. The likelihood 
of surface liquids suggests that there may be hydroblemes (seabed impact craters) 
and tsunami deposits. Although only a fraction — about 25% — of Titan’s surface 
will be mapped in the SAR mode, the long, thin coverage swaths are an efficient 
means of establishing the crater distribution — a large impact crater is more likely 
to be cut by a long, thin swath than by a square patch of the same area (Lorenz, 
1995b). 

The polar regions of Titan are also important targets for RADAR SAR imaging. 
The polar climate may have experienced more variability than the global average. 
The reason for this is that Titan’s obliquity is fractionally larger than the Earth’s, 
and although its present atmosphere damps out seasonal changes, a thinner past 
atmosphere may have allowed the polar temperatures to swing widely. A recent 
re-analysis of Voyager IR data suggests that the poles may experience more pre- 
cipitation than the equatorial regions, raising the likelihood of surface liquids and 
erosional features. The seasonal effects on the polar hazes (Samuelson et al, 1997) 
may also make these regions more difficult to observe at optical wavelengths. 

The RADAR altimetry data will provide information on relative elevations along 
portions of the suborbital tracks. The SAR and altimetry data will be examined to 
seek evidence for the effects of crustal processes such as viscous relaxation and 
cryovolcanism. Volumes of the cryovolcanic constructs identified in the altimetry 
data, may indirectly constrain Titan’s hydrocarbon budget, while morphometry of 
erosional features may provide information about the rates at which volatiles are 
recycled. 

The high-resolution (350-720 m) SAR images will permit identification of fea- 
tures and terrain types that will be observed in varying locations on Titan and in 
different viewing geometries. RADAR scatterometer data will reveal the backscat- 
ter efficiency versus incidence angle for a large fraction of Titan’ surface, although 
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the spatial resolution may be coarse (as in the radiometer mode). Nonetheless, 
scatterometer data will constrain surface slope distribution and the density of the 
uppermost decimeter of the surface. Scatterometer data will also be most similar 
to the data taken with the upgraded Arecibo radar during the coming decade and 
therefore will allow Titan’s global radar properties to be defined in detail. 

In its radiometric mode, RADAR will produce thermal emission (brightness 
temperature) maps of essentially the entire surface of Titan. To this end, the space- 
craft will be commanded to execute spiral scanning maneuvers. The spiral scanning 
will be expanded in targeted areas by rolling the spacecraft about the z-axis. The 
emissivity and the integrated reflectivity are complementary (but anti-correlated) 
quantities. Because the radar backscatter that is measured by the instrument is also 
related (although weakly) to the integrated reflectivity, the radiometer data may 
be expected to provide additional information on the nature of Titan’s surface. 
The radiometric brightness temperature and its dependence on polarization and 
angle of incidence will be used to discriminate among surfaces of smooth and bro- 
ken ice fields, liquid hydrocarbon lakes, and ice coated with organic precipitates 
from the atmosphere. Specifically, we will augment the interpretation of the active- 
modes RADAR data by constraining large-scale (10-30 km) surface composition 
from dielectric properties measured along radar tracks. Emissivity (as well as radar 
reflectivity) of a given substance is a strong function of the density; thus an emis- 
sivity map can be interpreted as a surface density map. We hope to discriminate 
between ice and snow or rock and soil in this way. A procedure which is being 
developed to interpret the RADAR radiometry data will also be used to model 
observations of comet Wirtanen with the Microwave Instrument for the Rosetta 
Orbiter (MIRO). Finally, taking advantage of the repeated opportunities to collect 
radiometer data over the entire disk of Titan, we will investigate global circula- 
tions and thermal transport by determining physical temperature contrasts between 
equator and poles, and between night and day. 

The RADAR is a single -polarization instrument, but information about the po- 
larization state of echoes is often needed to make unambiguous statements about 
physical properties. Arecibo ’s A,12.6-cm data will provide a very accurate curve of 
Titan’s disk-integrated radar cross-section in two polarizations for subradar tracks 
near the equator (as well as nearly global maps with resolutions of order of several 
hundreds of kilometers). The availability of Cassini RADAR disk-integrated cross- 
sections will permit direct, model-independent calibration of Cassini and Arecibo 
data against each other, and also will define a solid boundary condition on models 
of the backscattering function’s variation over the surface. Titan fills the RADAR 
center beam, at about a million kilometers, so disk-integrated measurements should 
be made no closer than that. At that distance, even a 1 s integration with the scat- 
terometer will produce an echo much stronger than what Arecibo can obtain on any 
given date. 

In order to make the results of the RADAR experiment easily accessible, we 
will devise means of placing the data in a consistent spatial framework in which 
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the individual datasets (SAR, thermal emission, and altimetry/scatterometry) will 
be combined with one another and with the optical remote sensing data. As part 
of this objective, we will construct a global geodetic control network for Titan. 
This is needed to compare the various types of observations, and it will allow 
determination of the spin pole direction and rotation period of Titan (cf. Hubbard 
et ai, 1993; Lemmon et al, 1993, 1995). Cartographic products will be generated 
from individual observations, mosaics of like data, and composites of different, 
coregistered datasets. Digital maps in sinusoidal and oblique sinusoidal projections, 
and hardcopy products in conformal projections, will be produced at a range of 
scales, with appropriate divisions of the surface of Titan. Also, topographic mapping 
of Titan will be attempted by digital stereogrammetry (where overlapping SAR 
images are obtained with favorable geometry), and by radarclinometry (shape from 
shading in single images). Ganymede, which is similar in size to Titan and has 
been observed at resolutions comparable to those of the RADAR (Inge and Batson, 
1992), provides the initial model for the Titan cartographic program. 

2.2. Icy satellites 

In general, the IR measurements of icy satellites are most sensitive to the conditions 
in the upper few centimeters of the surface. Measurements around all phase angles 
contain information to depths of up to several tens of centimeters, which can be 
retrieved in only a model-dependent way, e.g. on the assumption of constant density 
and thermal parameters over that depth. Measurements at microwave frequencies 
are sensitive to temperatures down to the depth of about 1 m if the ice is dense 
and several meters if the ice is under-dense. The thermal properties of the surface 
regolith, e.g. the ability to retain heat, may further be constrained by temperature 
measurements as a function of local time. Therefore an objective of the Cassini 
RADAR is to conduct radiometric observation of icy satellites during untargeted 
flybys at distances of less than about 100,000 km. Operations at closer ranges, when 
the satellite disk can be covered by a sufficient number of footprints, will give an 
opportunity to identify “hot spots” if there is cryovolcanic activity as is conceivable 
at least for Enceladus. 

The Earth-based radar backscatter measurements in the outer solar system have 
been limited to the Galilean satellites and Titan (for a review, see Ostro, 1993). 
The RADAR scatterometry mode allows backscatter measurements on Saturn’s icy 
satellites also. This can be seen from a simple comparison of the Cassini RADAR 
with the Goldstone radar — the least sensitive of the three Earth-based planetary 
radar systems (Goldstone, GoldstoneA'^LA, Arecibo). The RADAR’s emitted power 
is about 10“^ of the power emitted by Goldstone, and the gain of the Cassini Orbiter 
High Gain Antenna (HGA) is about 10“^ of the gain of the Goldstone 70 m dish. 
The deficit of nine orders of magnitude can be compensated for by the fact that even 
during distant flybys (100,000 km) of icy satellites the RADAR is about 10'^ times 
closer to these targets than are the Earth-based radars. Taking into account the 
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dependence of the received power, the RADAR might thus be about 10^ times 
more sensitive than the Goldstone system. As an example, the RADAR scatterom- 
eter can obtain a signal-to noise ratio equal to 2 (comparable to that obtained by the 
Goldstone A observations of Titan; see Muhleman et al., 1990) by integrating 
only 1400 pulses from 500 km objects (Dione, Tethys) at a range of 300,000 km. 
Much higher signal-to-noise and spatially resolved measurements can be achieved 
at shorter ranges. Since radar cross-sections are equivalent to microwave albedoes, 
these measurements will complement the measurements of the visible and IR albe- 
does obtained by the Cassini optical remote sensing instruments. Furthermore, the 
RADAR scatterometer observations of icy satellites may be conducted at ranges 
too large to be useful to optical remote sensing. (Tour 18-5 offers 138 flybys of 
icy satellites at ranges from 100,000 to 300,000 km.) This would contribute to the 
optimal utilization of all available tour segments. 

2.3. Saturn’s rings 

Microwave flux due to the thermal emission by the rings particles and to scattering 
by the same particles of the emission from the deep atmosphere of Saturn will be 
sensed in the RADAR radiometer mode. Microwave emission from the ring particles 
uniquely probes through the mass of the particles because the A2-cm wavelength 
penetration depth is of the order of 1 m. Thus, the RADAR radiometer presents 
the best way to measure the ice-to-dust ratio of the particles, as a function of radial 
distance from Saturn. Several radial scans of the ring system will be required during 
high-inclination Saturn passes. 

2.4. Saturn 

The deep subcloud region of Saturn is inaccessible to observation by means other 
than the measurement of thermal emission that originates in that region. The 
RADAR objective is to map variations in ammonia humidity in the subcloud re- 
gion, which can be achieved through RADAR radiometer mapping. Ammonia is 
a tracer of atmospheric motions and provides unique insight into the dynamics of 
Saturn’s atmosphere. Also, the radiometer provides a deeper, and hence comple- 
mentary, weighting function to other Cassini instruments that operate at shorter 
wavelengths, and makes an essential contribution to the sounding of Saturn’s 
atmosphere. 

Microwave imaging of Saturn at centimeter wavelengths from the Very Large 
Array (VLA) (Grossman et al, 1989) reveals significant latitudinal structure, plau- 
sibly interpreted as a decrease in the ammonia vapor abundance at the cloud deck 
from equator to pole (Grossman, 1990). VLA images of Saturn are compromised, 
however, by the geometrical foreshortening of the polar region as well as the aper- 
ture synthesis and necessary 3 h integration of zonally smeared observations, and 
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are limited to a 2% variation in their dynamic range. Polar observations at a near- 
normal viewing angle by the Cassini RADAR radiometer can resolve the horizontal 
ammonia structure in the region of the Saturn polar hexagon (Allison et al., 1990) 
and with complementary mapping from low-inclination orbits potentially afford 
characterization of vertical variations apparent at differing emission angles. The 
further prospects for these observations would include their possible interpreta- 
tion as tracer-maps of Saturn’s “potential vorticity” distribution (cf. Allison et al., 
1995). 

High-inclination flybys will be required for polar imaging, low-inclination fly- 
bys for acquiring a full longitudinal image of the planet. To conduct radiometric 
observations, the preferred range of distances to Saturn is anticipated to be between 
about 5Rs and 157?s> where is the equatorial radius of Saturn, roughly 60,000 
km. It is also the objective of RADAR to obtain synoptic thermal-emission images 
of Saturn’s disk. These images will be used to calibrate the radiometer for the Titan 
radiometric mapping. 



3. Experiment Description 

Since the RADAR will operate almost exclusively during close flybys of its targets, 
altitudes will change rapidly throughout the data collection periods. Under such 
conditions, operations in a multiplicity of modes are a necessity. The instrument 
was designed to incorporate four modes: imaging (either high- or low-resolution), 
altimetry, scatterometry, and radiometry. The basics of operations in these modes 
are outlined below; the system design considerations are summarized in Sections 
4 and 5. 

An optimum Titan flyby scenario, in which all RADAR modes are exercised 
and a maximum volume of data is collected, calls for about 10 h of uninterrupted 
operations. At 5 h away from the closest approach, the spacecraft is about 100,000 
km from Titan (Figure 2). At that distance the RADAR is used in the radiometer- 
only mode. As the spacecraft approaches Titan, the remaining modes are activated; 
first scatterometry, followed by altimetry, and, finally, imaging. Upon receding 
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from Titan, the order of modes is reversed. A detailed description of the RADAR 
observational strategy is presented in Section 3.5 below. 

3.1. Imaging 

The RADAR imaging mode provides low-to-high resolution synthetic aperture 
(SAR) images. The meaning of the terms “low” and “high” in the present context 
is clarified in Table I. Reference to appropriate analogs may be of further help. 
Thus, when considering the absolute pixel size, the low-resolution RADAR images 
will be comparable to the Venera-15/16 and Arecibo radar images of Venus, and 
the high-resolution RADAR images will be similar in resolution to the Mariner-9 
optical images of Mars. 

As the SAR data are being acquired, the spacecraft is pointed to the left or right 
of the nadir track. The way in which this off-nadir angle is varied is referred to as 
the look-angle profile, where look angle is the angle between boresight and nadir. 
Look angle is used to calculate the incidence angle — the angle between the antenna 
boresight and local surface normal. For typical natural surfaces, larger incidence 
angles tend to better reveal surface topography. From a mission standpoint, the 
profile of incidence (or look) angle used during SAR datataking is unconstrained 
except for limitations on spacecraft turning rates. One likely algorithm is to keep the 
largest incidence angle possible, consistent with a given received signal-to-noise 
ratio. This rule was followed during the primary mapping phase of the Magellan 
mission. An alternative philosophy is to maintain constant incidence angle with 
respect to the surface; this facilitates comparisons of images from different areas. 
For more detailed information on the principles of SAR imaging and interpretation, 
see, e.g. Elachi (1987, 1988) and Johnson (1991). 

The total width of the RADAR swath is created by combining the five individu- 
ally illuminated sub-swaths (see Section 5.4) and ranges from 120 to 450 km at the 
spacecraft altitude, h, of 1,000 to 4,000 km. Each 1,000 km flyby of the RADAR 
will yield a SAR strip about 5,000 km long. Each such strip will image about 1.1% 
of Titan’s surface. Over a tour in which, say, 25 close flybys would be available 
to the RADAR, at least 25% of Titan’s surface could be imaged. This statement, 
although true in principle, needs to be qualified. As the example of the tours 18-5 
and 19-1, introduced in Eigure 3, illustrates, the SAR coverage is sensitive to the 
characteristics of a given tour — the segment of Titan repeatedly imaged in one 
tour may be invisible to the RADAR in another tour. Eurthermore, the unavoidable 
overlap dictated by orbital dynamics reduces the aggregate SAR coverage in each 
tour. 



3.2. Altimetry 

The altimetry mode will typically employ only the central, narrow antenna beam, to 
make time-of-flight measurements of the relative surface elevations along suborbital 
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Figure 3. Mapping of Titan in the RADAR high- and low-resolution imaging modes. Included are 
only flybys with the close-approach altitudes <4,000 km; incidence angle 20°. {Top)\ Tour 18-5, 
{Bottom): Tour 19-1. 



(nadir) tracks. Tight spacecraft pointing toward Titan’s center of mass is required 
during the time altimetric observations are in progress. The primary information 
from the altimetry echoes is the range from spacecraft to surface which, taken 
together with the knowledge of the spacecraft and Titan ephemerides, will be con- 
verted into Titan’s radii along the subradar track. Relative topographic accuracy 
will approach 150 m (see Section 4.1.2); absolute accuracy of radii will depend 
on the postflight ephemeris reconstruction accuracy, which has not yet been evalu- 
ated. Since complete return echoes are relayed to Earth, it is also possible to apply 
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appropriate scattering models to infer surface microtopography and reflecting prop- 
erties, as has been done with the Magellan altimetry data (Ford and Pettengill, 1992; 
Tyler et al, 1992). The full length of a suborbital track for the spacecraft moving 
from the altitude of 10,000 km, through closest approach at 1,000 km, back to 
10,000 km, is about 6,500 km. That is the maximum length of a topographic profile 
that can be obtained, assuming imaging is sacrificed to altimetry. For comparison, 
the currently available Goldstone altimetry profiles of Mars span no more than 
about 6,000 km (Downs et al, 1975). During a nominal Titan flyby (Figure 2), the 
two topographic profiles collected at the tail ends of imaging runs will each span 
about 750 km. 



3.3. SCATTEROMETRY 

The RADAR scatterometer mode measures the surface backscatter coefficient, ctq 
( radar cross-section normalized to the illuminated surface area), as a function of 
the incidence angle. From the instrument standpoint, this mode does not differ 
from the altimetry mode except for the reduced resolution; it has in fact often been 
referred to as “low-resolution altimetry.” Since echoes at multiple incidence angles 
are desired, the spacecraft is commanded to scan preselected portions of Titan’s 
disk between the nadir and limb, as during the RADAR radiometer observations. 
This mode allows radar echoes to be obtained from anywhere on Titan at a variety of 
incidence angles, albeit at resolutions much coarser than in the other active modes. 
An alternate mode manner of scatterometer operations, in which the RADAR central 
beam illuminates the icy satellites from a considerable distance, has been briefly 
outlined in Section 2.2. 



3.4. Radiometry 

To acquire the RADAR radiometry data, three types of scans will be executed. Each 
will trace a spiral track on the surface of the target body. In two of these scans, only 
the central RADAR beam will be utilized; the third scan may involve one, three, or 
five beams. The first of the two central-beam scans is defined by a constant cone 
angle <p. The constant cone-angle scan yields data with a footprint of continuously 
varying sizes (Figure 4 (top)). In the second central-beam scan, the spacecraft is 
maneuvered so that the High Gain Antenna (HGA) describes an outward spiral and 
the Foresight sweeps through a cone of increasing angular radius. Using parameters 
for the maneuvers appropriate to the approach velocity results in a nearly constant- 
resolution scan, balancing the decreasing range to Titan with increasing cone angle 
(Figure 4 (bottom)). Almost global coverage of Titan, at a resolution of about 500 
km, is possible in a few judiciously selected flybys. Global coverage with a higher 
resolution will require scanning of Titan during each RADAR flyby. 
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Figure 4. Scanning of Titan with the RADAR central beam. (Top): Constant cone angle; distance 
100,000 km-10,000 km, clock rate 0.05° s“ * . (Bottom): Variable cone angle; distance 80,000-25,000 
km, clock rate 0.20° s“*. 



When only the central beam aligned with the (— z)-axis is used during a scan, the 
spiral can be followed using small cyclic rotations about the x- and y-axis. The HGA 
nods in a circular motion, tracing out the spiral, but there is no cumulative rotation 
about the antenna boresight. In the third type of RADAR scan, when several beams 
are brought into play, the plane of the beam must be held perpendicular to the motion 
of the track. Consequently, as the spiral is followed, an additional rotation about 
the z-axis is also necessary. The rate and acceleration limits governing spacecraft 
under Reaction Control System (RCS) control (Table 8.8 in the Cassini Mission 
Plan, PD 699-100) place bounds on how rapidly the clock angle of the spiral in 
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either of the three scans can change. If co is the clock rate, then axp must be less than 
0.4° s“' and co^cp must less than 0.01° s“^, at all times. Either of the three RADAR 
scans can be commanded by representing the surface track relative to the center 
of the target body as a sequence of vector polynomial segments in the Attitude 
and Articulation Control Subsystem (AACS) inertial vector table. An additional 
constraint that is imposed by the maximum frequency content of vector representa- 
tions in AACS limits co to less than 3.6° s^^ Radiometry data will also be acquired 
during each of the active modes through the same beam used in the active mode 
(i.e. when transmitting) for that radar burst. The data will be acquired between the 
bursts. 



3.5. Data acquisition scenarios 

The RADAR will conduct its observations in the mission’s RADAR/INMS opera- 
tional mode. Because of similar requirements on Titan flyby geometry, the RADAR 
and the Ion and Neutral Mass Spectrometer (INMS) have been combined into a sin- 
gle mission operational mode; for the definitions of the mission operational modes, 
see Tables 8. 1 and 8.4 in PD 699-100. Use of the RADAR modes depends primarily 
on (1) pass assignment; (2) flyby altitude; (3) science objectives; and (4) agreed- 
upon priorities among the instruments within the RADAR/INMS mode. Sharing 
Titan passes with other investigations may allow optimizing Titan observations for 
all parties, although these opportunities depend on, for example, the spacecraft 
being able to turn and change operational modes rapidly enough that the cost in 
overhead is small compared with the incremental science gain. The final observa- 
tion strategy will be determined before arrival at Saturn; combined scenarios may 
indeed turn out to be attractive in their ability to maximize the amount of science 
data collected. 

Ideally, the RADAR’s full capabilities would be realized in a RADAR-dedicated 
Titan pass with a flyby altitude of 1,000 km or lower (Figure 2). In the inter- 
val between —6 and —5 h relative to the closest approach to Titan, and after the 
RADAR receiver had sufficiently warmed up, external radiometric calibration is 
performed by pointing the HGA at one or more predetermined calibration targets 
(cold sky, the Sun, the disk of Saturn, or a galactic radio source) and gathering 
thermal energy emitted by those targets. About 6 h before the closest approach, 
radar sequences are loaded. The subsequent operations are autonomous although 
coordinated with spacecraft maneuvers. At about —5h{h = 100, 000 km), the in- 
strument commences observations in the radiometer mode as the spacecraft creates 
a scan pattern. Reception of thermal emission continues even when the RADAR 
is in active modes, but scanning using the spacecraft becomes less useful as the 
angular movement relative to Titan increases. At about —78 min (h = 25, 000 km), 
the instrument begins active scatterometric observations. Depending on available 
maneuver time and desired targeting, either single- or multiple-beam observations 
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may be pursued. At about —30 min {h = 9, 000 km), the spacecraft maneuvers to 
point the HGA in the direction of the Titan’s center of mass. After this maneuver 
has been accomplished, altimetry begins. At about —16 min {h — 4, 000 km), al- 
timetry ends, the HGA is pointed 10-20° to one side of the ground track, and the 
low-resolution SAR imaging begins as the spacecraft executes the planned look- 
angle prohle. At about —6 min, the spacecraft drops below an altitude of 1,600 km 
and the acquisition of high-resolution SAR images begins. This mode of operation 
will continue through the closest approach of Titan at altitude of 1 ,000 km. As 
the spacecraft recedes, the same sequence of the RADAR modes is executed in 
reverse. 

While a few of the actual flybys of Titan may follow the standard sequence 
described above, there are at least three reasons for other, non-standard sequences. 
First, orbital dynamics is the driving factor for designing close Titan approaches 
into the tour and setting the dynamically optimal flyby altitudes. Thus, a number of 
flybys may occur at altitudes higher than 4,000 km, making SAR data acquisition 
unfeasible. Second, once the general physiography of Titan is known it may be 
more scientifically profitable to collect data in the other RADAR modes, over a 
particular target area. This may disrupt the standard sequence. Third, the needs of 
other instruments or an urgent spacecraft activity may interfere. For instance, in 
the vicinity of Titan, the principal non-science activity will be spacecraft tracking, 
which requires the HGA be pointed at Earth. As a result, the RADAR sequence 
may have to be truncated. In many cases, therefore, parts of the standard sequence 
may be mixed with other activities. 



4. Radar Operations 

The anticipated uncertainties in the spacecraft ephemeris and attitude predictions 
have led to a “burst timing” design for signal transmission and reception. In this 
timing approach, as shown in the lower portion of Figure 5, the radar transmits a 
series of pulses for a given time period and is then switched to receive the return 
echo burst. After reception, the radar switches to the radiometer mode to collect the 
surface -radiation measurements. With such an approach, the uncertainty in timing 
due to ephemeris and pointing errors will be accommodated by adjusting the burst 
period and data window rather than the pulse-to-pulse timing as in the case of the 
conventional pulse interleave approach. The chosen approach is expected to be 
more effective in utilizing the allocated data rate/volume, as well as in lowering the 
probability of data loss. The upper portion of Figure 5 illustrates the sequence of 
bursts as each antenna beam is used. For each beam the bursts overlap to give the 
multiple looks necessary in SAR in order that the speckle noise be reduced. A flyby 
with a closest approach altitude is used as an example in the following discussion 
but during actual operations the predicted profile will be used to set all the RADAR 
parameters for each pass. 
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Figure 5. Non-interleaved multi-beam pulse burst timing for radar and radiometer operations. 



4.1. RADAR MODES DESIGN 

The motivation for the RADAR modes design is the desire to accommodate the 
potentially different types of surfaces on Titan (or other targets). Given the uncer- 
tainties in the ephemeris and in Titan’s radar properties, the RADAR system per- 
formance must be robust. Since the radar range will be constantly varying within 
a single flyby as well as from flyby to flyby, the radar parameters such as pulse 
width, bandwidth, receiver gain, pulse repetition frequency, and other timing must 
be updated at regular intervals in order to maintain sufficient signal-to-noise ratio 
on the radar echoes. The major system parameters for each of the four instrument 
modes are listed in Table II. 

4.1.1. Imaging mode 

During radar imaging, the spacecraft will roll to either the left- or right-side 
of the suborbital track according to the pre-determined sequence, and five an- 
tenna beams will be utilized, one at a time, to obtain the maximum possible 
cross-track swath coverage (Figure 6). The azimuth image resolution will be 
accomplished by unfocussed SAR processing of the echo bursts. With the de- 
signed burst timing and processing schemes, the azimuth resolution, d-^z, can be 
expressed as 

^ XR XR 1 1 XR cl Xc 

2Lsar 2 rsUscSin^ 2 2Ri;scSin0 4uscSin0 

where X is the radar wavelength, R the range, Lsar the unfocussed SAR aperture, 
Tb the echo burst period, c the pulse propagation speed, Usc the spacecraft velocity, 
0 is the radar azimuth pitch angle, and Usc sin 0 is the spacecraft velocity component 
perpendicular to the radar line of sight (Im et ai, 1993). The azimuth resolution 
is estimated to be between 350 and 720 m throughout the imaging period of each 
flyby. 
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Figure 6. Antenna beam configuration for the Cassini RADAR. (Top): Nadir pointing for altimetry. 
{Bottom)’. Side-pointing for imaging. 

The range resolution, d^, is accomplished through range compression of the 
chirp signals: 



IB sin (/) 

where B is the chirp bandwidth and cj) is the incidence angle. In order to enhance 
the signal-to-noise ratio, a 850 kHz bandwidth will be used when the spacecraft 
altitude is 1600 km or less, and a 425 kHz bandwidth will be used at spacecraft 
altitudes between 1,600 and 4,000 km. The corresponding dy is estimated to be 
between 420 m and 640 m at h < 1,600 km, and between 420 and 2,700 m at 
1,600 km < h < 4,000 km. 
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Figure 7. The ctq noise equivalent (NEctq) of the RADAR images during a nominal Titan flyby, with 
h = 4,000 km at r = ±16 min. 

Due to the imperfect knowledge of the surface backscatter characteristics of 
Titan, we choose to use the so-called noise-equivalent backscattering coefficient, 
NE ctq, as a measure of the signal detection sensitivity. This quantity is defined as 
the normalized surface cross-section which gives rise to a unity single-look thermal 
signal-to-noise ratio. That is. 



NE(7[) — 



2{47t)^kT B sincj) 
PjG^X^r^ct 



where k is the Boltzmann’s constant, T the system noise temperature, the round- 

trip atmospheric loss, Pj the radiated peak power, G the antenna gain, ra the 3 dB 
along-track beamwidth, and t the pulse duration. Figure 7 shows NEcto as a function 
of the flyby time for a typical Titan flyby with spacecraft altitude at the closest 
approach, ho, equals 1,000 km. Due to the continuous change in both the range 
and Doppler contours as well as the irregular isogain contour of the offset antenna 
beams, the image ambiguity varies substantially throughout a Titan flyby. The total 
signal- to-ambiguity ratio is estimated to be >15 dB for all images obtained by the 
Cassini RADAR (Hensley and Im, 1993). 



4.1.2. Altimeter mode 

This mode will be used to generate relative elevations profile along the Cassini 
spacecraft sub-orbital track. Operating at spacecraft altitudes between 4,000 km and 
9,000 km, this mode will utilize the nadir-pointing central antenna beam (Beam 
3) for transmission and reception of chirp pulse signals at a system bandwidth 
of 4.25 MHz. The altimetric measurements along the sub-nadir ground track are 
expected to have horizontal resolution (pulse-limited radar footprints) ranging be- 
tween 24 and 27 km and vertical resolution of about 50 m. The relative height 
change. Ah, over a surface region illuminated by two successive radar footprints 



CASSINI TITAN RADAR MAPPER 



91 



can be expressed as 



Ah = (/i2 — hi) — 



cfe - b) 
2 



where /i 2 and hi are the radar altitudes, deduced from spacecraft trajectory, at two 
points of interest and t 2 and ti are the corresponding round-trip flight times of the 
radar pulses. Since the trajectory perturbation is likely to be small, Q 12 — h{), and 
therefore Ah, can be deduced quite accurately during ground processing. We expect 
that an overall accuracy of 150 m can be achieved. 



4.1.3. Scatterometer mode 

The lack of reliable information on the backscattering characteristics of Titan’s 
surface has been of major concern in the course of the RADAR design work. In order 
to compensate for the possibility that parts of Titan’s surface are unexpectedly radar- 
dark, and to ensure credible measurements of the surface backscatter variations, 
we have incorporated a dedicated scatterometer mode into the overall design. The 
functional concept of the scatterometer mode is similar to that of the altimeter 
except for one major difference — the scatterometer bandwidth is but 106 kHz, to 
give sufficient signal-to-noise ratio at long ranges. The RADAR will operate in the 
scatterometer mode at altitudes between 9,000 km and 25,000 km. The spacecraft 
will be required to execute specified scanning maneuvers (spiral or circular). Both 
the backscatter and noise-only measurements will be collected, so that the surface 
backscatter coefficient, (Jq, can be estimated. Depending on the range distance and 
angle of incidence, this mode will detect cro as low as —35 dB. The long-distance 
scatterometer observations of icy satellites, whose objective is to measure the disk- 
integrated radar albedoes, may also require execution of limited conical scans. 



4.1.4. Radiometer mode 

While operating in the radiometry mode, at a bandwidth of 135 MHz, the RADAR 
will measure the 13.8 GHz emissivity of Titan and targets of opportunity. The 
radiometer mode can be used alone or in conjunction with other RADAR modes. 
The data are collected as shown in Figure 7. During each burst, after the active 
portion of the radar cycle is completed, the radiometer first switches to the noise 
diode as input, and then to the resistive load in the Front End Electronics (EEE). 
Each of these calibration sources are sampled once per burst, and the integration 
times are set to yield between 2,000 and 3,500 counts in a 12-bit (4095) counter. 
After the two calibration measurements are made, multiple measurements (up to 
255) are made through the antenna port. These multiple 12-bit values are summed to 
give one 20-bit value per burst. Thus, during each burst three radiometer data-points 
are recorded. Before and after each radiometer only data-taking the HGA will be 
turned to “cold-space” for an absolute calibration of the antenna-input relative to the 
internal calibration sources. According to our estimates, the RADAR radiometer is 
capable of measuring brightness temperature with an error of less than 3 K. 
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Figure 8. The Doppler shift during a nominal Titan flyby, with h = 22,500 km at f = ±70 min. 



4.2. Doppler tracking 

Due to the spacecraft motion, the received radar signal will be Doppler-shifted. The 
extent of the shift depends on the antenna pointing, frequency, and orbit geometry. 
Assuming that the antenna is pointed toward the center of Titan at any time during 
a flyby, the maximum Doppler shift, will be less than ±600 kHz, for a flyby 
altitude of 1,000 km at closest approach. The Doppler shift profile versus flyby 
time is plotted in Figure 8. In our current design, the chirp signals will be generated 
digitally with center frequency shifted by an amount equal to — A/' in order to 
compensate for the shift. Other factors such as the trajectory perturbations, finite- 
time updates, and off-nadir antenna pointing will also contribute to the shift. The 
receiver filters compensate for these shift residues. 



4.3. Onboard data reduction 

Signals to be acquired by the active radar modes will initially be quantized to 8 bits. 
In order to satisfy the allocated output data rate constraint, the radar data will be re- 
quantized onboard to a lesser number of bits, using the block-adaptive quantization 
(BAQ) scheme similar to the one used by the Magellan radar. In this scheme, the 
8-bit digital samples per interpulse period are divided into a finite number of blocks. 
After signal averaging over a number of pulse periods, the averaged power in each 
block is estimated and a threshold is determined. The 8-bit data are then scaled with 
respect to the threshold and the scaling factor is quantized to k bits {k < 8). Both 
the scaling factor and the threshold values, after quantization, will be downlinked 
for signal reconstruction purpose. This, together with the lesser number of bits 
used for the scaling factors, reduces the output data rate substantially. Our current 
estimates of the output data rates are: 195 and 250 kbps in the imaging mode, low 
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and high resolution, respectively, (8-to-2 reduction), 30 kbps in the altimeter and 
scatterometer modes (8-to-4 reduction). We use a larger number of bits for altimetry 
and scatterometry due to the fact that in these modes less data are averaged and the 
initial data rates are lower. 



4.4. Control instructions 

The timing, gain, antenna port selection, and other setup parameters of the RADAR 
are controlled through a set of instructions which are calculated on the ground and 
uplinked to the spacecraft prior to a flyby. After the RADAR is turned on and 
the FSW loaded and started, the Instruction Execution Block (lEB) is loaded and 
triggered. The block contains all the instructions the ESW will execute during a 
flyby. There are three types of instructions: Power — to control the power states of the 
RADAR; Telemetry & Command — to set up special modes, including diagnostic 
instructions; and Slow and East instructions. The last two are combined into one 
setup instruction for the RADAR configuration. The reason for the fast and slow 
types was to reduce the number of instructions necessary to uplink by recognizing 
that some parameters vary faster than others. 

Tables III and IV present a list of the slow and fast instructions and their 
meaning. A much more detailed description of each parameter is in the Cassini 
RADAR Digital Subsystem High Level Design Document (DSS-HLD). Dur- 
ing a typical flyby it is expected that each East Eield will change as often as 
every 15 s while each Slow Eield will change as often as every 3 min. The 
execution time for each instruction is controlled by the flight software, using the rel- 
ative time from the initial trigger (TEI) of the RADAR. The combined instruction is 
sent to the Control and Timing Unit (CTU) for its actual control of the RADAR. The 
TRIGGER command is the last command the RADAR, received from the space- 
craft Command and Data System (CDS) prior to RADAR operations and from that 
point on, until the RADAR is turned off, the RADAR operates autonomously. 

4.5. Instrument data modes 

The RADAR sends data to the spacecraft CDS for storage on the Solid State 
Recorder (SSR) through two channels. The first, low-rate (10-20 bps), channel is 
called “Housekeeping” and is used whenever the RADAR is on. The Housekeeping 
channel carries engineering data only. It becomes active approximately 80 s af- 
ter the DSS is turned on and continues until the DSS is turned off. During nor- 
mal operations a complete sample of RADAR engineering data is received every 
2-A min. The second channel is the High Rate Science channel with data rates 
as high as 365 kbps. All RADAR science data, including the engineering data 
in the science headers, are sent through this channel. The spacecraft CDS picks 
up packets from the RADAR at the maximum rate of 365 kbps but only stores 
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TABLE III 

Slow Field Instruction Structure 



Parameter Name 


Bits 


Range 


Time from trigger 


16 


0-18.2 h in 1.0 s steps 


Instruction type 


2 


1 12 (fixed) 


Data take number 


8 


0-255 


Slow field instruction number 


8 


0-255 


Radar mode 


4 


0: LALTL, 1: LALTH, 2: SARL, . . . 


Calibration source 


4 


0: Norm, 1: Ant, 2: Noise diode, . . . 


Adc sample rate 


2 


0: 0.25, 1: 1.0, 2: 2.0, 3: 10.0 MHz 


Receiver bandwidth 


2 


0: 0.12, 1: 0.47, 2: 0.94, 3: 4.68 MHz 


Transmit/receive window offset 


4 


-8 to +7 PRls 


Data compression mode 


3 


0: 8/2, 1:8/1,2:8/1MSB, ... 


Beam mask 


5 


OOIOO 2 : beam 3, 1 1 1 1 12 : all beams 


Receiver attenuattion (beams 1 and 2) 


12 


0-74 dB in 1 dB steps 


Receiver attenuattion (beam 3) 


12 


0-74 dB in 1 dB steps 


Receiver attenuattion (beams 4 and 5) 


12 


0-74 dB in 1 dB steps 


Radiometer integration period length 


4 


10-75 ms in 5 ms steps 


Number of radiometer integration periods 


8 


1-255 periods 


Chirp step duration 


8 


0.67-9.47 fis in 0.67 fis steps 


Chirp step quantity 


12 


2-750 steps 


Chirp frequency step size 


16 


0-117.2 kHz in 1.788 Hz steps 


TABLE IV 




Fast Field Instruction Structure 


Parameter Name 


Bits 


Range 


Time from trigger 


16 


0-18.2 h in 1.0 s steps 


Instruction type 


2 


IO 2 (fixed) 


Fast field instruction number 


8 


0-255 


Bursts in instruction 


8 


1-255 bursts 


Pulses in transmit burst 


8 


0-255 pulses 


Burst period 


12 


10^095 ms 


Receiver window delay 


10 


0-1023 PRIs 


Pulse repetition interval 


10 


0-1023 clock periods 


Chirp start frequency 


16 


0-30 MHz (458 Hz steps) 
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those packets that have real data included. The other packets are identified as 
“0-filled” by the RADAR and are discarded. The valid data are produced by the 
RADAR at variable rates; typically 1 kbps for radiometer only, 30 kbps for scat- 
terometer and altimeter, and up to 260 kbps for imaging. It is up to the RADAR 
to insure that the total volume of data allocated to the RADAR is not exceeded 
during the RADAR data collection time. The total volume of data the RADAR 
would produce in the course of a nominal Titan flyby (i.e. a 1,000 km flyby) is 
about 1 GB. 

During the cruise period, when only a simple preventive maintenance test is 
performed every three months, the only data-type available is housekeeping. Normal 
operations of the RADAR will be executed during infrequent special checkout 
periods. 

4.6. Maintenance sequence 

The maintenance sequence the RADAR will execute every three months during the 
cruise phase of the mission is shown in Figure 9. The figure illustrates how the CDS 
and the RADAR interact during this sequence, and is also illustrative of how the 
RADAR will be operated during science data taking. The thick center line represents 
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a timeline interface between the RADAR and the CDS; the CDS actions are below 
the line, the RADAR actions above. The times after the DSS turn-on are shown with 
each command from the CDS . The three RADAR power switches are quickly turned 
on to start the RADAR. The RADAR DSS goes through an initialization procedure 
during which a sequence of built-in tests is run. After these tests are completed the 
RADAR loads a descriptor table into the CDS/RADAR interface, and communica- 
tion with the RADAR can begin. It is at this point that the housekeeping data start 
to be sent to the CDS. As the maintenance sequence runs from PROM (the Boot- 
strap Loader), no flight software or an lEB table are necessary to be loaded prior to 
operations. 

The RADAR comes up in a power state called Warmup- 1. This power state 
has several substates, depending on which commands have been sent by the CDS. 
As soon as the RADAR receives a trigger, the PROM sequence of instructions 
begins to run. These are illustrated by the short up-arrows above the time line. The 
numbers embedded in these arrows indicate a transition instruction to that power 
state. These power states are for the RFES portion of the RADAR. The transition 
to the Warmup-4 includes a 4 min wait to allow for time to warm up the Traveling 
Wave Tube Amplifier (TWTA). The last power instruction puts the DSS in the 
state to sequence the RFES. The first fast/slow (F/S) instruction then commands 
the transmitter to commence transmitting. 

In the maintenance sequence there are only two fast/slow field pairs which 
operate for 16 min each. The RADAR transmits and receives, but no science data 
are collected. After the end of the second 16 min period the power instructions 
reverse the order to put the RADAR in Warmup-0 mode, and make it ready for 
the power to be disconnected by the CDS commands to the power subsystem of 
the spacecraft. The housekeeping data transmission ends when the DSS is turned 
off but, in reality, the last housekeeping packet received represents the state of the 
RADAR several minutes before shutoff. 



5. RADAR Design Considerations 

The Cassini/Huygens mission is a joint undertaking of the National Aeronau- 
tics and Space Administration (NASA), European Space Agency (ESA), and the 
Italian Space Agency (ASI). The RADAR instrument was developed in partnership 
between NASA and ASI. ASI selected Alenia Aerospazio in Rome as the con- 
tractor for both the spacecraft High Gain Antenna (HGA) and the RADAR Radio 
Frequency Electronics Subsystem (RFES). Alenia in turn selected subcontractors 
such as FIAR in Milan and EMS in Atlanta, Georgia, for the component units of 
the RFES. The overall responsibility for the RADAR system design and space- 
craft interfaces rested with the Jet Propulsion Laboratory (JPL). The complexity of 
the instrument called for a number of special design considerations. We treat here 
the following: power, mass, space and location, antenna, pointing and ephemeris 
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accuracies, target-flyby geometries, instrument control method, data rates and 
volumes, and the limited number of Titan flybys. 

5.1. Power 

The Cassini spacecraft power system uses radioactive thermal generators (RTGs) 
for all its electrical power and no batteries for power buffering. The RADAR has 
high (195 W) peak power requirements which could not be accommodated by 
the spacecraft power system. Early design of the instrument included an internal 
battery which would provide most of the transmitter energy requirements during 
a 10 h Titan flyby. Both battery size and long life considerations led to a bat- 
tery substitute, called the Energy Storage Subsystem (ESS), which is a bank of 
capacitors. The design of the ESS called for energy to be stored for a “transmit 
burst,” 90-3,000 ms. The transmit portion of the burst lasts no more than about 
10% of the total burst time, thus, the 90% non-transmit time is used to recharge 
the capacitor bank of the ESS. The peak transmitter power requirement was thus 
reduced from 195 to 30 W by use of the ESS. The RADAR power requirement is 
86 W. 

5.2. Mass 

As in all planetary missions, mass has been a severe constraint on the RADAR 
design. Conservative design for an 11 -year mission and radiation environments 
near 100 krad dictated the use of low-density components. This resulted in the total 
mass of 43.3 kg for the RADAR instrument. 

5.3. Space and location 

The spacecraft was designed to have 12 electronic bays. The RADAR occupies 
Bay 11 and a specially constructed appendage to the main body of the spacecraft, 
the “penthouse” (Eigure 10). The use of the penthouse required a thermal interface 
through a baseplate to the spacecraft; it further required additional thermal blankets, 
louvers, and radioactive heating units (RHUs) to control the thermal environment 
of the REES. The DSS and ESS, located in Bay 11, share the thermal design of the 
spacecraft bays. 

5.4. Antenna 

Tight constraints on mass and volume required that the RADAR share the 4 m 
telecommunications antenna (HGA), as did the radar on the Magellan mission. The 
system design also dictated that a single feed or beam could not meet the per-flyby 
requirements of imaging and other modes simultaneously. A five-feed, five-beam 
design was decided upon, in which the center, highest-gain beam would be used in 
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Figure 10. The locations on the spacecraft of the RADAR RFES (Penthouse) and DSS/ESS 
(Bay 11). 
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Figure 11. Cassini RADAR block diagram. 



all modes. The additional four beams would be used in the imaging mode, creating 
a wide swath. Beam switching would be done inside the RADAR. The five-beam 
design required five waveguides into the HGA, each with a separate feed. Other 
methods of beam scanning were considered, such as the phased-array feeds, but 
were rejected. The five feeds were accommodated into the four-frequency HGA 
(Figure 1 1). The switching of the beams is accomplished in the RFES by the Front 
End Electronics, which is a compact set of twisted waveguides and circulators. No 
moving parts were used. 



5.5. Pointing and ephemeris 

In order to automatically record the echo data the RADAR needs to have available 
accurately predicted ranges to the targets of interest. This is achieved by knowing at 
any instant the spacecraft position relative to the target and the HGA pointing. Since 
the Cassini spacecraft is in orbit around Saturn, and Titan is the target of interest, 
the accuracy of the ephemeris is expected to be insufficient by Earth-observing or 
Magellan radar standards. The same is true for pointing, which is done relative to 
a star field or a fuzzy limb rather than the center of Titan, and is thus degraded 
for radar use. These inaccuracies demanded a design in which the radar echoes 
are not interleaved with transmissions, as would be required for high-resolution 
imaging. Thus, the radar transmits for a set number of pulses and pulse rate until 
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the prediction indicates the first echo will have returned, and then the receiver is 
activated and all echoes received. 

5.6. Flyby geometry 

As described in Section 4.6, the timing of the radar must be set properly to receive 
the echo. It is also necessary that the frequency of the echo be within the range of 
the receiver. If the target is moving with respect to the transmitter or the receiver, the 
echo is Doppler- frequency shifted proportional to the velocity and radar frequency. 
Normally this shift is only a small fraction of the bandwidth and can be neglected. 
For the Cassini RADAR, the bandwidth is as low as 0. 1 MHz and the Doppler shift 
as high as ±0.6 MHz. It is a requirement on the design to take into account this 
effect. 

5.7. Control method 

The control of the radar can be performed by several means including remotely, 
based upon predictions, and automatically, based upon actual data. The radar echoes 
and radiometric settings, it was felt, would be too difficult for an automatic system 
to set up and hold to all the system constraints, especially that of the total data 
volume. A computer was available on the project list, called the Engineering Flight 
Computer (EFC), which had most of the capability required for radar operations. It 
was decided that the radar parameters would be table-driven from a time-ordered 
set of parameters, which would control all the radar parameters such as gain, an- 
tenna port, pulsewidth, and bandwidth. Each entry in the table is calculated by 
ground software, called the Radar Mapping Sequencing Software (RMSS), which 
takes inputs such as science desires spacecraft pointing, ephemeris, and data rate. 
The RMSS outputs the Instruction Execution Block (lEB) table. Each RADAR 
observation (a Titan flyby, an icy-satellite flyby, etc.) has a unique table which is 
transmitted to the spacecraft as part of the regular uplink process prior to a flyby. 

Another aspect of RADAR control is the program, which runs in EEC. This 
program is called the Cassini RADAR Operational Control Elight Software 
(CROCES W), or Elight Software (ESW) for short. The ESW, to be described later in 
this paper, is a major contributor to the functionality and testability of the RADAR 
hardware. 

5.8. Data rates and volumes 

In addition to mass and power, the data rates and volumes are the most limiting 
resources planetary missions impose. During each RADAR flyby of Titan about 
1 Gbit will be recorded on the spacecraft’s Solid State Recorder (SSR) for later play- 
back. These data include all spacecraft packet formats, radar formats, engineering 
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telemetry, and science data. The science portion will be approximately 90% of the 
total. In order to pack as much information as possible into these bits the echo 
data are compressed using a method pioneered on the Magellan mission called the 
Block Adaptive Quantizer (BAQ) (Kwok and Johnson, 1989). On Magellan, the 
method used was 8-bits-in/2-bits-out (8/2), in a fixed hardware design. In the case 
of the Cassini RADAR the hardware method was dropped and a software method 
added to the system. Since the BAQ was implemented in software, it has much more 
flexibility than the Magellan hardware method; in fact, other modes are available 
such as 8/4, 8/1, and 8/0. The 8/4 mode will be used for altimetry and scatterometry, 
the 8/1 mode could be used for imaging in order to sacrifice amplitude resolution 
in return for finer spatial resolution, and the 8/0 mode (which produces no data) is 
used for test purposes. 

5.9. Limited number of flybys 

The RADAR lacks opportunity to acquire processable echoes prior to its first data- 
collecting flyby of Titan, likely to take place in 2005. Radar-operational flybys of 
Venus and Earth would allow the first closed-loop test of the RADAR system. As 
helpful as these tests could be, they would still simulate operations at targets vastly 
different from Titan. The review in Section 1 showed how little we know about 
the surface characteristics of Titan. We know even less about the performance of 
the RADAR radiometer and about the thermal effect of a 10 h RADAR flyby of 
Titan on the performance of the spacecraft systems. During the Science Cruise 
(i.e. in the period of 2 years prior to the Saturn Orbit Insertion), we expect to 
run extensive “dress rehearsal” tests to simulate full Titan flybys. During a Titan 
flyby the HGA is pointed at Titan, and no data are received at Earth. Thus, there is 
no opportunity to correct problems during the data collection, and if there indeed 
are problems, the RADAR flyby will, most likely, be sacrificed and the correction 
will have to wait until the next downlink/uplink cycle is completed. To make this 
process efficient, the RADAR has been designed to be as autonomous as possible 
and monitor and report all aspects of its operation while collecting the science 
data. 

Prior to each flyby the RADAR is powered up, at which time it performs a 
series of built-in tests (BITs). The results of the BITs are reported in the low- 
rate housekeeping data. Next, the ESW is loaded, followed by the lEB table 
and by the trigger to start. If any of these processes does not go to comple- 
tion the RADAR cannot report that fact to the spacecraft and the science-data 
flyby will be lost. If a problem occurs after the trigger, the ESW should recog- 
nize that fact and recovery might be possible, depending upon the nature of the 
problem. 

In addition to potential hardware (or software) faults the data themselves can be 
examined by the ESW to determine if the settings of the radar system parameters 
are correct. The three areas which were examined for automatic control (onboard 
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processing) were the timing of the receive window position, receiver gain, and 
radiometer integration period. It was felt that it would be difficult to set the timing 
correctly in an automatic system in all cases and that the pointing and ephemeris 
would be good enough for data capture so automatic timing control was rejected. 
Receive gain control was examined and determined to be a candidate for automatic 
control. Consequently, automatic gain (really attenuation) was implemented as well 
as automatic radiometer integration-time setting. Each of these software modules 
reads the input science data and determines a change in the setting, which will bring 
the level closer to the ideal. 



6. Hardware Design 

The Cassini RADAR consists of four subsystems: the Digital Subsystem (DSS), Ra- 
dio Frequency Electronics Subsystem (REES), Energy Storage Subsystem (ESS), 
and High Gain Antenna (HGA) (Figure 11). The DSS, built at JPL, contains the 
interfaces to the spacecraft data bus, the control electronics for all the radar, the 
analog-to-digital converters for both science data and engineering telemetry, and 
the flight software for all RADAR operations. These operations include data as- 
sembly and data processing such as gain adjustment and data compression. The 
REES, built by Alenia Aerospazio, contains all the analog RE components of the 
RADAR as well as the digital chirp generator (DCG) and the Ultra-Stable Oscil- 
lator (USO) — the timing reference for the whole RADAR. The REES responds to 
digital signals from the DSS, to set its operating parameters. The ESS, built at JPL, 
is a battery substitute for the transmitter of the REES. The HGA, built by Alenia 
Aerospazio, has four frequency bands (S, X, Ku, and Ka) to provide services for 
radar science (Ku-band) and radio science and telecommunications operations (the 
remaining bands). 



6.1. Digital SUBSYSTEM 

The Digital Subsystem performs all the digital functions of the RADAR, which in- 
clude accepting commands from the spacecraft Command and Data System (CDS), 
executing the flight software, operating the entire system as specified in the uplinked 
instruction table, collecting and processing science data, and collecting engineer- 
ing telemetry data. The DSS is located in a portion of Bay 11, one of the 12 bays, 
which make up the spacecraft instrument bus. The DSS is made up of five circuit 
chassis which contain the following: the Flight Computer Unit (ECU), the Science 
Analog-to-Digital Converter (SADC), the Telemetry Analog-to-Digital Converter 
(TADC), the Science Data Buffer (SDB), the Control and Timing Unit (CTU), the 
Power Converter Unit (PCU), and the REES interfaces. The functions of each of 
these units are explained below. 
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6.1.1. Flight computer unit 

The Flight Computer Unit is made up of the project-supplied Engineering Flight 
Computer (EEC), the Bus Interface Unit (BIU), and Startup Read Only Memory 
(SUROM). The function of the ECU is to accept and interpret commands from the 
spacecraft CDS. The commands include the RADAR flight software and the table 
that contains the time-ordered set of instructions to operate the RADAR. The ECU 
controls both science and engineering telemetry data flow, compresses the science 
data using a software algorithm known as the Block Adaptive Quantizer (BAQ), 
and formats the data into RADAR units known as SAR-Altimeter Bursts (SAB) 
and then into the smaller CDS transport packets. 

6.1.2. Science analog-to-digitai converter 

The Science Analog-to-Digital Converter (SADC) is known as the “Science ADC” 
to distinguish it from the ADCs for the telemetry subsystem and the radiometer. 
The Science ADC consists of three parts: an input buffer amplifier, the high-speed 
ADC, and the digital code conversion circuitry and output buffers. The input buffer 
amplifier receives the video signal from the receiver, amplifies it, and level-shifts it to 
a value that is compatible with input voltage range of the ADC. The digital circuitry 
receives and transmits all control and timing signals required by the Science ADC 
Subsystem. 

6.1.3. Telemetry analog-to-digitai converter 

The purpose of the Telemetry ADC Subsystem (TADC) is to provide the Engi- 
neering Flight Computer (EEC) with up-to-the-second data on the performance of 
the Cassini RADAR System. The TADC samples analog voltages from DSS, ESS, 
REES, and external waveguides, converting them into digitized equivalents with 
an analog-to-digital converter, and then it transfers those digitized data into RAM 
memory. The TADC also accepts the radiometer DC signals from the REES and 
processes them for inclusion in the SAB footer. 

6.1.4. Science data buffer 

The Science Data Buffer (SDB) is a 16K-word, high-speed RAM buffer that acts as 
a rate buffer for science data from the high-speed A/D converter (SADC) enroute 
to the ECU. The SDB appears in the address space of the ECU as a 16K-word (one 
“word” equals two bytes) block. During the receive-window of a burst, the SDB is 
filled with raw, 8-bit, time-domain samples (packed two samples per word) from 
the SADC. When the receive-window closes, the FSW transfers the burst of data 
from the SDB into the local memory of the ECU. 

6.1.5. Control and timing unit 

The Control and Timing Unit (CTU) sets all the timing functions of the RADAR. It 
accepts a formatted instruction from the software running in the ECU and stores it 
in a register until the previous instruction runs out. The CTU sets all the high-speed 
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logic in the RADAR such as when to transmit, when to receive, or when to move 
data to the RFES. The CTU runs off a 10 MHz clock that is derived from the 
30 MHz Ultra-Stahle Oscillator (USO) in the RFES. 

6.1.6. Power converter unit 

The Power Converter Unit (PCU) takes the 30 VDC power from the spacecraft 
power hus and converts it to the various voltages used in the DSS: ±5 VDC, 
±9 VDC, — 12 VDC, and ±15 VDC. The power into the PCU comes from the space- 
craft via a solid-state power switch, one of the three used to control the RADAR. 

6.1.7. RFES interfaces 

The electrical interfaces to the Radio Frequency Electronics Subsystem (RFES) are 
all with the DSS, except for the power interfaces to the spacecraft and to the RADAR 
Energy Storage Subsystem (ESS) and the RE interface with the HGA. There are 22 
control and timing signals from the DSS-CTU which, among other things, control 
the beam-select and receive-window. In the RFES the signals fan out to the various 
units such as the Front End Electronics for beam-select and Microwave Receiver 
for receive-window. A high-speed logic line also controls the waveform generation 
start in the Digital Chirp Generator. The DSS accepts analog inputs from the RFES 
such as the downconverted waveform going to the SADC, and the radiometer and 
engineering telemetry voltages going to the TADC. 



6.2. Radio frequency electronics subsystem 

The Radio Frequency Electronics Subsystem (RFES) is that portion of the RADAR 
that converts the chirp waveform data from the DSS into high-powered pulsed 
waveforms which, in turn, are sent to the proper antenna port. The echoes are 
received through the same port and captured by the sensitive receiver. The physical 
location of the RFES is in a “penthouse” located above Bay 11 (which houses the 
DSS), below the backside of the HGA (see Figure 10). The penthouse is attached 
thermally to the spacecraft through a baseplate and has additional thermal control 
through the use of thermal blankets, a louvered outer cover, and five 3 W, radioactive 
heating units (RHU) attached to the outer surface of the RFES. The units which 
make up the RFES are the Frequency Generator (EG) (which contains the Ultra- 
Stable Oscillator), the Digital Chirp Generator (DCG), the Chirp Upconverter and 
Amplifier (CUCA), the High-Power Amplifier (HPA), the Front End Electronics 
(FEE), the Microwave Receiver (MR), and the Power Converter. The operation of 
these units will be explained below. 

6.2.1. Frequency generator 

The Frequency Generator Unit (FGU) contains the 30-MHz USO that is placed in 
an oven controlled to 85 °C. The signals from this unit are sent to three destinations. 
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First, they are sent to the CUCA, to provide upconversion frequencies for construc- 
tion of the transmit waveform. Second, they are sent to the MR, to downconvert the 
received signal to baseband. Third, they are sent to the DSS for all digital timing 
signals control, including the digitization of the science data. 

6.2.2. Digital chirp generator 

The Digital Chirp Generator (DCG) is the device that generates the frequency- 
modulated signal, the “chirp.” The chirp is the pulse expansion necessary in high- 
performance radar in order to achieve high average power with relatively low peak 
power. The inputs to the DCG come from the DSS; they are the parameters of 
a pulsed radar chirp — such as the start frequency, number of frequency steps, fre- 
quency step length, and frequency step size. The last three parameters control the 
pulse length and bandwidth, while the first controls the frequency offset due to the 
high Doppler frequencies on this mission. 

6.2.3. Chirp upconverter and amplifier 

The chirp signal coming from the DCG is at baseband frequency and of low level. In 
order to drive the transmitter, the chirp waveform must be upconverted to 13.8 GHz 
and amplified. The Chirp Upconverter and Amplifier receive the low-level chirp 
from the DCG. It uses the 30 MHz signal and derivatives to arrive at 13.8 GHz, and 
then the signal is amplified to the proper level. 

6.2.4. High power amplifier 

The amplified chirped signal from the CUCA is further amplified by the High 
Powered Amplifier (HPA) to approximately 65 W peak power. The HPA uses a 
traveling wave tube amplifier (TWTA). This tube operates at high voltages (4,000 
VDC) in order to get sufficient amplification. The high voltages are generated within 
this unit. The output of the HPA is fed through waveguides to reduce losses. 

6.2.5. Front end electronics 

The purpose of the FEE is to route the transmitted signal through one of the five 
output waveguides and to switch a few milliseconds later to route the echo to the 
receiver. The EEE is a complex set of 13 circulators and waveguides, which allow 
selection of single beams a large number of times without deterioration of function. 
The EEE also contains the resistive load calibration for the radiometer and the 
routing circuit for the injection of the noise diode calibration. The noise diode itself 
is located in the MR. 

6.2.6. Microwave receiver 

The most complex unit in the REES is the Microwave Receiver. This unit contains 
the low-noise amplifiers (ENA), downconverter, amplifiers, bandpass and band- 
width filters, variable attenuators, and the radiometer detection circuit and noise 
diode calibration source. Because of its extreme sensitivity, a limiter was added 
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before the LNA to reduce the possibility of catastrophic failure caused by high 
signals entering the MR. The LNA were specially designed and mounted in gold 
foil to reduce gain changes that might result from the ground-plane motion. To pro- 
tect the LNAs during normal operations, pin-diode switches block signals except 
when reception is desired. A combination of high-gain amplifiers and attenuators, 
controlled from the DSS, allow for precise control of the signal levels going to the 
DSS-SADC. 

The radiometer detector circuit operates at the full 135 MHz bandwidth of the 
receiver. The circuit contains a special noise diode, an integrator, and a reset circuit. 
Particular consideration was given to all these components to yield a stable system. 
The noise diode has undergone special gold foil application for grounding to reduce 
gain jumps. The diode is mounted in a kovar frame, and its signal goes to the FEE 
where it joins the input to the MR. 

6.2.7. Power converter 

The Power Converter Unit (PCU) supplies all the low-voltage application in the 
REES except the ESS-supplied 35 VDC which powers the HPA. A separate space- 
craft solid-state power switch turns on the REES. 

6.3. Energy storage subsystem 

The Energy Storage Subsystem (ESS) is a battery substitute for the HPA of the 
REES, used to reduce the peak-power required by the RADAR during transmis- 
sion. The ESS does this by boosting the 30 VDC, supplied by the spacecraft, to 
approximately 80 VDC for storage in a capacitor bank, and then bucks the 80 VDC 
to 35 VDC for use by the HPA. The boost to 80 VDC is necessary to more effec- 
tively store the energy and give some “headroom” so that when the energy is drawn 
from the capacitor bank the voltage stays above the 35 VDC required. The input to 
the ESS is limited to 34 W, while the output is approximately 200 W. The RADAR 
transmits at a <75% duty cycle for 10-50 ms and then waits for approximately 
10 times this interval, until the next transmission occurs. During this “quiet” time 
the voltage in the ESS builds back up. A separate spacecraft solid-state switch turns 
on the ESS. 

6.4. High gain antenna 

Due to volume and mass constraints, the Cassini RADAR uses the spacecraft’s high- 
gain, 4 m diameter telecommunications antenna. To extend the imaging coverage, 
a multiple radar feed structure at 13.8 GHz is mounted on the antenna reflector to 
generate five beams. The beams are adjacent to one another in the cross-track di- 
mension, as is shown in Eigure 12. The beam configuration is illustrated in Eigure 6. 
In this figure, the central, circular beam (B3) is generated by illuminating the entire 
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Figure 12. The four-wavelength feed assembly of the Cassini High Gain Antenna. The RADAR 
Ku-band feeds Bl, B2, B4, and B5 are placed-the sides from the antenna’s axis. 

reflector with a feed that is located at reflector’s focal point, and the side-looking 
beams are generated by partially illuminating the reflector with four feeds that are 
located away from the focal axis. The expected performance characteristics of the 
five antenna beams of the Cassini RADAR are given in Table V. During operation, 
only one beam will be utilized during a radar burst, from 90 to 3,000 ms. 



7. Summary 

The RADAR experiment will provide a comprehensive set of data that will allow a 
significant enhancement of our understanding of the present state and evolution of 
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TABLE V 

Cassini RADAR Antenna Performance Characteristics 





Peak 

gain 

(dB) 


Azimuth 

beamwidth 

(°) 


Cross-track 

beamwidth 

(°) 


Angle from 
focal axis 
(°) 


Peak 

sidelobe 

(dB) 


Peak 

cross-pol 

(dB) 


Beams 1 and 5 


42.0 


0.35 


1.35 


2.2 


-12 


-20 


Beams 2 and 4 


42.1 


0.35 


1.35 


0.85 


-13 


-20 


Beam 3 


49.1 


0.35 


1.35 


0 


-16 


-20 



the surface of Titan, by acquiring global radiometric maps and high-to-moderate 
resolution imaging of about 25% of the moon’s surface. The RADAR sensor was 
designed to have flexibility to respond to a wide range of the presently unknown 
surface characteristics. As we acquire the first set of data, during the first flybys 
of Titan, the RADAR sensor configuration and parameters will be reset to op- 
timize the science yield of the data acquired during the subsequent flybys. By 
the end of the Cassini mission, the RADAR will have provided significant imag- 
ing coverage of the last major body in the solar system save the still unmapped 
Pluto/Charon. 
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Abstract. The Cassini visual and infrared mapping spectrometer (VIMS) investigation is a multidis- 
ciplinary study of the Saturnian system. Visual and near-infrared imaging spectroscopy and high-speed 
spectrophotometry are the observational techniques. The scope of the investigation includes the rings, 
the surfaces of the icy satellites and Titan, and the atmospheres of Saturn and Titan. In this paper, we 
will elucidate the major scientific and measurement goals of the investigation, the major characteris- 
tics of the Cassini VIMS instrument, the instrument calibration, and operation, and the results of the 
recent Cassini flybys of Venus and the Earth-Moon system. 

Keywords; Cassini, Saturn, infrared mapping spectrometer 



1. Introduction 



The visual and infrared mapping spectrometer (VIMS) is a state-of-the-art, imaging 
spectrometer that spans the 0.3-5. 1 /xm wavelength range. It obtains observations 
of targets in the Saturnian system. These data are used by the team members to carry 
out many, different, multidisciplinary investigations. These studies, for example, 
seek to increase our knowledge about atmospheric processes, the nature of the rings, 
and the mineralogical composition of surfaces. 

The VIMS strategy is to measure scattered and emitted light from surfaces and 
atmospheres. While the spectral domain is emphasized, spatial resolution is also 
important particularly when it allows the correlation of the spectral characteristics 
with surface or atmospheric features. Since the spatial domain is important for 
understanding and interpreting the data, close collaboration is maintained with 
other, primarily imaging, investigations that are aboard Cassini. The addition of data 
of relatively high-spatial resolution, but of modest spectral resolution, to a data set of 
high spectral resolution and modest spatial resolution results in synergistic scientific 
advances well beyond those which could be accomplished using either data set 
separately. Conversely, very-high spectral-resolution instruments (e.g. CIRS) on 
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the Cassini spacecraft offer a different set of synergistic interactions for VIMS. 
Thus, the Cassini VIMS investigation will perform much of its work with an eye 
toward the synergy it has with other experiments. 

1.1. Technical Heritage of the VIMS Instrument 

The Cassini VIMS instrument has its roots in a long line of proposed imaging 
spectrometers, starting with a rudimentary instrument proposed for the Lunar Polar 
Orbiter in 1974. A more refined concept was proposed for the Mariner Jupiter 
Uranus (MJU) mission in 1975. This design was accepted for the Jupiter Orbiter 
Probe (JOP, later named Galileo) Mission in 1977. After selection, this design 
rapidly evolved into that of the NIMS instrument. Further consideration of these 
concepts for terrestrial applications led the Jet Propulsion Laboratory to propose to 
design and develop the airhome visihle/infrared spectrometer (AVIRIS) in 1983. 
In 1987 this system measured its first spectral images (Green et al., 1998). Also, in 
the early 1980’s, an instrument development program for future planetary missions 
was setup at JPL and headed hy Larry Soderhlom as principal investigator. 

This collahoration resulted in several similar instruments optimized for different 
planetary targets, most notably the OMEGA instrument, the Mars Observer VIMS, 
and the GRAF VIMS. Mars Observer VIMS and GRAF VIMS are Cassini VIMS’ 
most immediate forbearers, but changes made in the VIMS instrument design in 
response to NASA’s demands to reduce the cost of the strawman Cassini VIMS 
resulted in a substantial heritage from Galileo NIMS. Despite that heritage, which 
goes so far as to include parts from the Galileo NIMS engineering model, Cassini 
VIMS is a substantial step beyond NIMS in the evolution of visual and infrared 
imaging spectrometers. 

This program developed imaging spectrometer designs for the Comet Ren- 
dezvous Asteroid Flyby (GRAF), the Mars Observer (MO), and the Cassini mis- 
sions. While these spectrometers were selected as facility instruments on all three 
missions, the GRAF mission was cancelled and the MO instrument was removed 
from the payload in favor of the remaining payload elements that never reached 
Mars. Only the Cassini instrument survived and flew in space. 

Cassini VIMS has inherited much from the NIMS instrument, including me- 
chanical and optical parts from the original NIMS engineering model. VIMS nev- 
ertheless represents a substantial improvement over the state of the art as marked 
by the NIMS instrument. In particular, where the NIMS instrument incorporates a 
moving grating that scans a multiple-order spectrum across a linear array of dis- 
crete detectors, the VIMS instrument includes a fixed, multiply blazed grating and 
array detectors in both its visual and near-infrared channels. Another important 
improvement is the way the visual and infrared channels scan spatial targets. The 
VIMS-VIS (visual channel) uses a two-dimensional array detector and a scanned 
slit (literally scanning a two-dimensional scene across the spectrometer slit) to pro- 
vide two-dimensional spatial coverage. The infrared channel has only a linear array 
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of detectors and therefore must use a two-dimensional scanning secondary mirror 
to obtain the same spatial coverage. The NIMS instrument by contrast scans a scene 
in only one direction while using the relative motion between the target and the 
spacecraft to scan the other spatial dimension. 

The major differences between the Cassini VIMS and the Galileo NIMS lie in 
the incorporation of a separate visual channel using a frame-transfer, silicon CCD 
detector with separate foreoptics and analog/control electronics, the inclusion of 
a radically improved infrared detector with improved order sorting and thermal 
background rejection, an improved infrared focal plane cooler design, an improved 
main electronics design, a two-dimensional, voice-coil-actuator-driven, scanning 
secondary mirror in the infrared foreoptics, a fixed, triply blazed grating in the 
infrared, a redundant 16-megabit buffer, and a redundant, lossless, hardware data 
compressor using a unique compression algorithm developed by Yves Langevin. 
These improvements result in an instrument with substantially greater capability 
for planetary imaging spectroscopy — so much so that Cassini VIMS is the most 
capable and complex imaging spectrometer presently flying on a NASA planetary 
spacecraft. 



1.2. International Cooperation 

The VIMS investigation is truly an international enterprise. The instrument resulted 
from the best thinking and skill of scientists and engineers in the United States, Italy, 
France, and Germany. The bonds of cooperation and friendship formed during the 
design, construction, and testing of this pioneering instrument have now resulted in 
the closely knit team that is using this instrument to obtain new knowledge about 
the Saturnian system. 

1.2.1. The VIMS Engineering Team 

The Cassini VIMS Development Project began with the Cassini instrument selec- 
tions in November 1990 and ended 30 days after the Cassini launch on October 15, 
1997. Overall management responsibility was awarded to the NASA Jet Propul- 
sion Laboratory, but soon after that selection, agencies of Italy and France were 
invited to join the instrument engineering team. In the resulting division of respon- 
sibilities, VIMS-VIS (visual spectral region component) was designed and built by 
Officine Galileo in Florence Italy for the Agenz/a Spaziale Italiana (ASI); the VIMS 
data compressors and data buffers were supplied by the Institut d’Astrophysique 
Spatiale (IAS) in Orsay, France for the Centre National de la Recherche Sci- 
entifique (CNRS); and VIMS-IR (infrared spectral region component) was de- 
signed and built by the NASA Jet Propulsion Laboratory (JPL) in Pasadena, 
California. JPL also conducted the integration, test, and calibration of the instru- 
ment with involvement by the science team and members of all the engineering 
teams. 
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Note that throughout this document we denote the visible spectral region com- 
ponent (channel) of VIMS as VIMS-VIS, and the infrared component (channel) as 
VIMS-IR. 

The original VIMS project manager at JPL was Robert F. Lockhart. Mr. Lockhart 
was later asked to lead the effort to build the entire suite of four Cassini facility 
instruments, including VIMS, and Dr. Gail Klein, then the deputy project manager 
for VIMS, assumed the VIMS project manager role. David Juergens continued in 
the role of instrument manager and Edward Miller continued as the senior VIMS 
system engineer. In Italy, Enrico Elamini of the Agenzia Spaziale Italiana directed 
the VIMS-VIS Visual Channel (VIMS-VIS) project, with Romeo DeVidi as the 
VIMS-VIS project manager at Officine Galileo. Erancis Reininger served as the 
Visual Channel system engineer. In Erance, Alain Soufflot and Yves Eangevin led 
the development of the VIMS data compressor and buffer hardware at IAS. 

In total, over 50 engineers in Erance, Italy, and the US collaborated to design 
and build the VIMS instrument. The instrument has to date operated flawlessly en 
route to Saturn, a testament to the cohesion and dedication of the engineering team. 



1.2.2. The VIMS Investigation (Science) Team 

The VIMS Science Team came into existence on November 5, 1990 when the 
US National Aeronautics and Space Administration announced the selections of 
the various instrument and investigation teams for the Cassini Orbiter. The origi- 
nal VIMS science team consisted of: Robert H. Brown (Team Eeader), Kevin H. 
Baines, Jean-Pierre Bibring, Andrea Carusi, Roger N. Clark, Michael Combes, 
Angioletta Coradini, Dale P. Cruikshank, Pierre Drossart, Vittorio Eormisano, Ralf 
Jaumann, Yves Eangevin, Dennis E. Matson, Robert M. Nelson, Bruno Sicardy, 
and Christophe Sotin.* 

There have been some changes since the original selection. Added to team 
membership were: Alberto Adrian!, Giancarlo Bellucci, Bonnie J. Buratti, Ezio 

'institutional affiliations are as follows (in alphabetical order by last name): Alberto Adriani (CNR 
Istituto di Astrofisica Spaziale, Italy), Kevin H. Baines (NASA Jet Propulsion Laboratory), Jean- 
Pierre Bibring (Universite de Paris Sud-Orsay, France), Giancarlo Bellucci (CNR Istituto Fisica 
Spazio Interplanetario, Italy), Bonnie J. Buratti (NASA Jet Propulsion Laboratory), Robert H. Brown 
(University of Arizona, Team Leader), Ezio Bussoletti (Instituto Universario Navale, Italy), Fabrizio 
Capaccioni (CNR Istituto di Astrofisica Spaziale, Italy), Andrea Carusi (CNR Istituto di Astrofisica 
Spaziale, Italy), Priscilla Cerroni (CNR Istituto di Astrofisica Spaziale, Italy), Roger N. Clark (U.S. 
Geological Survey, Denver), Michael Combes (Observatoire de Paris-Meudon, France), Angioletta 
Coradini (CNR Istituto di Astrofisica Spaziale, Italy), Dale P. Cruikshank (NASA Ames Research 
Center), Pierre Drossart (Observatoire de Paris-Meudon, France), Vittorio Formisano (CNR Istituto 
Fisica Spazio Interplanetario, Italy), Ralf Jaumann (Institute for Planetary Exploration, DLR, Berlin, 
Germany), Yves Langevin (Universite de Paris Sud-Orsay, France), Thomas B. McCord (University 
of Hawaii, Honolulu), Dennis L. Matson, (NASA Jet Propulsion Laboratory), Vito Mennella (Osser- 
vatorio Astronomico di Capodimonte, Italy), Phillip D. Nicholson (Cornell University), Robert M. 
Nelson (NASA Jet Propulsion Laboratory), Bruno Sicardy (Observatoire de Paris-Meudon, France) 
Christophe Sotin (Universite de Nantes, Nantes France). 
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Bussoletti, Fabrizio Capaccioni, Priscilla Cerroni, Thomas B. McCord, Vito Men- 
nella, and Phillip D. Nicholson.' Resignations were received from Andrea Carusi, 
Alberto Adrian!, and Ezio Bussoletti. 

The VIMS science team members’ scientific interests range over three major 
areas: planetary surfaces, atmospheres and rings. The combined scientific goals of 
fhe VIMS scienlific feam are discussed later in this paper. 

2. Scientific Goals of the Vims Investigation 

At the time of this writing, the Cassini spacecraft has flown by Venus twice, the 
Earth once, and Jupiter once. Later in this paper we describe some of the obser- 
vations made for the purposes of instrument test-and-calibration during the Venus 
encounters and the Earth flyby. Scientific resulfs derived from the flybys of Venus 
and Jupiter are published elsewhere (Baines et ah, 2000; Brown et al., 2003; Mc- 
Cord et al, 2004). Now we discuss the scientific goals addressed during fhe cruise 
phase and orbifal tour of Saturn. 

2.1. Venus 

The specific scientific objectives for Venus arose from VIMS unique ability to 
peer into Venus’ turbulent middle atmosphere as well as the cloud-covered upper 
atmosphere. Unfortunately, the fact that VIMS-IR was not operational at Venus, 
combined with the restricted attitude of the spacecraft dictated by the need to protect 
the Huygens probe from excessive insolation, made it impossible to obtain a data 
set at Venus which would allow us to address the list of scientific goals originally 
envisioned for Venus. Neverfheless, useful dafa were obfained wifh VIMS-VIS. In 
particular, VIMS-VIS saw fhe surface of Venus for fhe firsf fime at multiple sub- 
micrometer wavelengths, proving that sub-micrometer spectroscopy of the Venus 
surface is possible. In Section 6 we detail the results obtained during the second 
Venus flyby (see also Baines et al., 2000). 

2.2. Jupiter 

The VIMS scientific objecfives for Jupiter were built upon the results obtained by 
the Galileo investigations (up until the late fall of 2000). VIMS extended this cov- 
erage in time and illumination/emission geometries, as well as provided contiguous 
spectral coverage into the visual and ultraviolet. Overall, the unique circumstances 
of the several-month-long Cassini fly-by enabled full global maps of Jupiter over 
both, a large and continuous range of wavelengths spanning nearly the entire so- 
lar spectrum, and over a large range of phase angles. Specific VIMS scientific 
objecfives af Jupifer were: 

1 . Defermine fhe verfical aerosol disfribufions and microphysical(opfical aerosol 
properfies of Jupiter’s afmosphere as a funclion of lafifude and longifude. 
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2. Determine the temporal and spatial variations in constituent gases, including 
condensables (ammonia, water), and disequilibrium gases (phosphine and or- 
tho/para hydrogen). 

3. Investigate the temporal and spatial distribution of lightning, and measure the 
emission spectrum of lightning from the UV to the near infrared. 

4. Determine the vertical and horizontal solar flux deposition in Jupiter’s atmo- 
sphere to constrain the role of solar energy in Jupiter’s meteorology. 

5. Investigate auroral and polar haze phenomena, particularly the polar aerosol 
burden and the abundance of Z. 

6. Study the temporal evolution of the surfaces of the satellites of Jupiter, par- 
ticularly that of lo, using VIMS data compared to those of the Galileo NIMS 
instrument. 

7. Investigate time variations in the lo torus. 

8. Measure the spectrum of Himalia. 

9. Measure the spectrum of Jupiter’s Ring. 

2.3. The Orbital Tour of the Saturnian System 

The overall objectives of VIMS for Saturn and Titan are to investigate ongo- 
ing chemical and dynamical processes in a diverse range of planetary and satel- 
lite atmospheres, and determine constraints on planetary formation processes 
and evolutionary histories. The multi-dimensional characteristics of VIMS data 
acquisition — namely, the ability to acquire two-dimensional spectral maps in 352 
wavelengths from the ultraviolet to the thermal infrared allows the instrument to ob- 
tain three-dimensional views of atmospheric thermal, aerosol, and chemical struc- 
tures. Furthermore, these will be over a wide variety of illuminations, and over 
many emission angles. Meaningful parameters and relationships can be rendered 
into two-dimensional maps. These then become the tools that enable diverse inves- 
tigations of chemical, dynamical, and geophysical phenomena. Important targets 
include the surface and atmosphere of Titan, the cloud-rich atmosphere of the planet 
itself, its rings, and the plethora of icy moons. Observations of both the day and 
night sides of these objects shall lead to increased insights into various phenomena 
involving both reflection and emission of radiation. Occultations of the Sun and 
stars by these objects should provide new insights into the nature of tenuous strato- 
spheric hazes on Saturn and Titan, the structure of faint rings, and atmospheric 
composition. Thus, the Saturnian system provides VIMS with many opportunities. 

2.3.1. Titan 

VIMS data will constrain gas and aerosol distributions in Titan’s atmosphere as well 
as their variability with time, and the operative chemical and dynamical processes 
(Baines et al, 1992). In addition, it is now known that VIMS will be able to see 
the surface of Titan through atmospheric windows in the infrared (e.g. Tomasko 
et al., 1989; Griffith and Owen, 1992; Stammes, 1992; Baines et al., 1992; Meier 
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et al., 2000). Therefore, VIMS studies of Titan will include both the surface and 
atmosphere and will help in the study of the surface-atmosphere interactions. VIMS 
objectives for Titan include: 

1. Determination of Titan’s surface properties using VIMS data obtained at the 
wavelengths of near-infrared atmospheric windows in Titan’s atmosphere (e.g. 
0.95, 1.1, 1.3, 1.6, 2.0, 2.7 /xm). 

2. Measurement of the vertical distribution of condensable and chemically active 
gas species, including methane, ethane, and acetylene, along with their spatial 
and temporal variability. In particular, studies of distributions at microbar and 
millibar levels using stellar occultation measurements. 

3. Determination of stratospheric temperature profiles from multispectral occul- 
tation measurements. 

4. Determination of equipotential surfaces near the 1 mbar level, and inference of 
geostrophic winds. 

5. Determination of vertical aerosol distributions and associated microphysical 
and optical properties, over latitude/longitude and time. Studies of stratospheric 
aerosol distributions from stellar occultation measurements. 

6. Determination of the bolometric Bond albedo for comparison to CIRS- 
determined temperature measurements. 

7. Determination of the three-dimensional distribution of solar flux deposition 
rates to constrain the role of solar energy in powering dynamics at various 
levels, and to constrain the surface solar energy flux over latitude, longitude, 
and time. 

8. Determination of wind fields as revealed by movements of spatially varying 
clouds and hazes. 

9. Determine the composition of Titan’s surface, and map that composition as a 
function of longitude and latitude. 

10. Studies of the geology of Titan’s surface and any correlation between geomor- 
phology and composition. 

11. Searches for signs of active volcanism and tectonism on Titan’s surface. 

2.3.2. Saturn 

VIMS will take advantage of the unique geometry of the Cassini orbital tour (en- 
compassing both near-polar and equatorial Saturnian orbits) and the 4-year time 
window to obtain detailed four-dimensional views (i.e. over latitude, longitude, 
altitude, and time) of Saturn’s atmospheric phenomena. Specific VIMS scientific 
objecfives for Saturn include: 

1. Determination of vertical aerosol distributions, and associated microphysical 
and optical properties, over latitude, longitude and time. In addition, provide 
enhanced accuracy in the determination of stratospheric aerosol properties us- 
ing stellar occultation measurements. 



118 



R.H. BROWN ET AL. 



2. Detection and characterization of spectrally identifiable ammonia cloud fea- 
tures. In particular, determine their spatial distribution and vertical and micro- 
physical properties. Such localized clouds have been identified on Jupiter by 
Galileo NIMS (c.f., Baines et al., 2002). Using similar techniques, their pres- 
ence on Saturn should be readily observed by Cassini VIMS. Also, the detection 
and determination of water clouds (recently identified in infrared observations 
by Simon- Miller et al., 2000) will be attempted. 

3. Determination of the vertical distributions of variable gas species, including 
condensables (ammonia and perhaps water) and disequilibrium species (phos- 
phine and ortho/para hydrogen), over latitude, longitude and time. Follow the 
lead of Galileo NIMS (e.g. Roos-Serote etal, 1999, 2000) in such analyses. In 
addition, study hydrocarbon and other gas distributions at microbar and millibar 
levels using stellar occultation measurements. 

4. Determination of stratospheric temperature profiles from multispectral occul- 
tation measurements. 

5. Determination of equipotential surfaces near the 1 mbar level, and inference of 
geostrophic winds. 

6. Determination, over time, of wind fields near the ammonia cloud tops and, 
perhaps, lower-lying clouds as probed by near-infrared wavelengths. Constrain 
vertical wind components from cloud top altitude variations. 

7. Improve the determination of the bolometric bond albedo of Saturn, and use in 
constraining the magnitude of Saturn’s internal heat source. 

8. Investigation of the three-dimensional distribution of lightning, and measure- 
ment of the emission spectrum of lightning from the UV to the near infrared. 

9. Place constraints on chemical/dynamical mechanisms from spatial/temporal 
variability in atmospheric phenomena. Specifically, investigate links between 
disequilibrium and condensable gas variations, as well as variations in cloud 
opacities and vertical distributions. 

10. Determination of the three-dimensional solar flux deposition rate to constrain 
the role of solar energy in powering dynamics at various levels. 

1 1 . Investigation of links between polar aerosol burden and composition, and mag- 
netospheric phenomena utilizing charged particle flux estimates from Cassini 
plasma investigations. 

2.3.3. Icy Satellites 

Objectives for the icy satellites are: 

1 . Determine or constrain the mineralogical compositions of the satellite surfaces 
at maximum spatial resolution. 

2. Determine the composition of the lapetus dark side material and constrain the 
origin and evolution of lapetus and its surface. 

3. Relate the compositions of Saturn’s icy satellites to that of icy satellites of other 
planets (i.e. Jupiter, Uranus, Neptune, Pluto) 
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4. Constrain the insolation absorbed by the satellites of Saturn and thereby constrain 
the photometric and thermal properties of their regoliths. 

5. For the smaller Saturnian satellites, obtain spectral data for comparison with 
the larger satellites, the ring system, and other small bodies of the outer Solar 
System. 

6. Determine the composition of any dark material on Saturn’s satellites, espe- 
cially lapetus, Hyperion and Phoebe, and relate the composition of this primi- 
tive/organic material to that on other solar system bodies, and to groundbased 
measurements of objects thought to have primitive material on their surfaces as 
well as to relevant laboratory data. 

2.3.4. Rings 

Ring objectives are: 

1 . Determine or constrain the mineralogical composition and grain-size distribution 
of small (micrometer- sized) as well as large (millimeter- and larger-sized) parti- 
cles in the rings of Saturn using absorption features found in reflected solar radia- 
tion. For rings that are optically thin, constrain, map variations in, and determine 
the size distribution of small (micrometer-sized) particles via multi-wavelength 
optical-depth measurements obtained from stellar and solar occultations. 

2. Map the radial, azimuthal, and vertical distribution of ring material using stellar 
occultations, at radial resolutions of 0.1-1 km. 

3 . Probe dynamical phenomena responsible for ring structure and evolution, includ- 
ing density and bending waves, wakes due to embedded satellites, and resonantly 
forced ring edges and narrow ringlets, using multiple stellar occultation profiles. 

4. Characterize the size distribution of ring particles by imaging the diffraction 
aureole during stellar occultations. 

5. Establish the surface properties (grain size, degree of crystallinity, packing, etc.) 
of the bodies composing the rings using spectral reflectance measurements. 

6. Set bounds on the insolation absorbed by the rings, and thereby constrain their 
photometric and thermal properties. 

7. Determine the composition of any dark material in Saturn’s rings and relate its 
composition to that of other primitive/organic material elsewhere in the solar 
system and in the laboratory. 



3. Measurement Goals 



3.1. Surfaces 

3.1.1. Spectral Imaging 

The measurements required to meet the scientific objectives for surfaces can be 
divided into four broad classes: 
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Type SI: High-spectral- and low-spatial-resolution data acquired at great distances 
from the target. These data will provide orbital phase spectral information and 
will permit longitudinal mapping of the object at scales greater than 5° spherical 
lunes. Such observations, performed shortly after arrival at Saturn will provide 
a preliminary database for defining the spectral regions to be studied during 
subsequent targeted encounters. 

Type S2: Observations with high spectral and modest spatial resolution on approach 
to a targeted satellite encounter until the object fills one VIMS field of view, or 
until mosaicing is required to obtain full areal coverage. The spatial resolution in 
this case ranges from ~ 10 to ~20 km. This will provide the best global coverage 
at highest spectral resolution. 

Type S3: Observations with the highest spatial and spectral resolution allowing 
coverage of the entire illuminated hemisphere of the object in a limited time. In 
essence, this amounts to constructing the highest spatial resolution map at full 
spectral resolution in the shortest possible time consistent with the constraints of 
a given flyby. These types of observations will usually be made during targeted 
icy satellite flybys far enough ahead of closest approach that full coverage of the 
object can be made. The spectral ranges and resolutions and targeting will be the 
product of tradeoffs determined during observations of Types SI and S2 above. 
Type S4: High spatial and spectral resolution observations with limited coverage. 
This type of observation will occur near closest approach during a “close” flyby of 
an object. This observation type concentrates on obtaining high spatial resolution 
(at the expense of areal coverage). In practice, we envision riding along with the 
imaging science subsystem (ISS) and producing a complete VIMS image for each 
narrow-angle camera frame taken by the ISS. In terms of specific observafions of 
objecfs in fhe Jupifer and Saturnian systems, the following discussion of essential 
observations is presented as a minimal requirement to fulfill fhe goals of fhis 
investigation. As the requirements of the total mission develop and are addressed, 
this list of observations will be augmented, particularly through obvious resource 
economies such as joint observations with other instruments. 

3.1.2. The Galilean Satellites 

Although the spatial resolution attained by VIMS during the Cassini Jupiter flyby 
was limited to at best 1 pixel at closest approach, VIMS was able to provide in- 
formation in the visual and near IR spectral range that was not obtained by either 
Voyager or the Galileo NIMS spectrometer. During the Jupiter flyby, a full set of 
Type SI observations of the Galilean satellites were obtained. The reader is referred 
to Brown et al. (2003) for a discussion of the results. 

3.1.3. The Saturnian Satellites 

The Phoebe flyby, prior to the start of the Cassini orbital tour, will permit observa- 
tions of Types SI through S3. Observations will commence in Type SI and end up 
in Type S3 depending upon the closest approach distance. 
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The Cassini orbital tour will provide a variety of opportunities for Type SI 
observations of the icy Saturnian satellites at solar phase angles from near zero to the 
maximum solar cone angle constraint (~160-170°). The minimum requirement is 
that these observations be made on both hemispheres of all objects at 5° increments 
in solar phase angle and orbital phase angle. The close satellite encounters will 
permit Types S2, S3 and S4 observations of each object. This will yield the near 
complete spectral mapping of each satellite. Significant support imagery from the 
ISS will be required for the success of this investigation, much of which will occur 
as a matter of course as a result of these data being taken simultaneously with the 
imaging data (VIMS -imaging ride-along mode). 

Many Type SI observations will be made of Saturn’s satellites in order to con- 
struct full solar and orbital phase curves. This can be done at times of low spacecraft 
activity, reducing competition for spacecraft resources. 

The typical, targeted satellite flyby will be so fast that, in the time required 
for a complete VIMS frame to be taken, large changes in phase angle will occur. 
In addition, the size of the target will change by a large factor. The high spatial 
resolution data obtained will be a singular event for best definition for subsequent 
compositional mapping done in concert with ISS NA images. During the period 
of such an encounter, continuous images will be taken beginning with sub-pixel 
spatial resolution through the time of closest approach. 

3.1.4. Titan 

During each flyby of Titan, VIMS observations can commence several hours before 
closest approach. Titan’s surface can be mapped at the wavelengths of near infrared 
windows in Titan’s atmosphere. Type S4 observations will be performed in order 
to obtain increasing spatial resolution as Cassini gets closer to Titan. Mosaics 
composed of four images taken approximately 4 h before closest approach will 
allow complete coverage of Titan’s hemisphere. Different integration times will 
be used to measure the opacity of Titan’s atmosphere at the wavelengths of near- 
infrared windows in Titan’s atmospheric spectrum. A resolution of about 10 km per 
pixel can be achieved at 0.5 h before closest approach. A high-resolution mosaic of 
Titan’s surface can be obtained using image cubes obtained on successive flybys. 
This information will complement the observations of Titan’s surface by other 
Cassini instruments and will allow the creation of a geological map of Titan’s 
surface based on all Cassini observations. 

Observations obtained during the first Titan flyby will help characterize the 
landing site of the Huygens probe. Also, at wavelengths longward of 3 /xm, it 
will be possible to map temperature variations expected to result from any ice 
diapirs exposed at Titan’s surface. It may also be possible to sense the release 
of volatiles from the interior of the satellite. Lenticulae on Europa are features 
attributed to ice diapirs and have diameters around 10 km. Such a resolution can 
be obtained by VIMS about half an hour before closest approach. Therefore, such 
observations during selected flybys will be carried out so as to characterize such 
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areas. In addition to observations dedicated for VIMS, we will acquire observations 
while other imaging instruments have control of the spacecraft pointing. 

3.2. Atmospheres oe Saturn and Titan and Atmosphere Modes 

For atmospheres there are two major types of measurement objectives with re- 
spect to Saturn and Titan: spectral imaging and stellar occultation. A third type, 
that of measuring solar occultations, may also be periodically undertaken. Spec- 
tral imaging will be used to map and study trace gas and aerosol distributions, 
microphysical properties of aerosols, aurorae, lightning production and associated 
spectraVchemical characteristics, and, for Titan, surface mineralogy and topogra- 
phy. Stellar occultations by the atmospheres of Saturn and Titan and observed by 
VIMS will be used to study the vertical distribution of trace constituents (e.g. CH4, 
C2H2 CO, and CO2) and aerosols, particularly in Titan’s stratosphere. Some thermal 
profile information may also be forthcoming from spectral regions where refraction 
is the primary extinction mechanism. 

3.2.1. Spectral Imaging — Spatial Distributions 

Measurements for atmospheres largely follow those for satellite surfaces, in that 
various combinations of spectral and spatial resolutions will be utilized, depending 
on the target-spacecraft distance. The actual combinations however are different, 
owing to the greater spectral activity in gases as compared to solids, the highest 
spectral resolution modes will be used most frequently. 

TypeAl: High-spectral-, high-spatial-resolution data sets acquired within 25 ob- 
ject radii. The full spectral/spatial resolution and spectral coverage of VIMS-VIS 
is utilized, as is the full (i.e. standard) spatial/spectral resolutions of VIMS-IR. The 
data may be limited to specific targeted regions (such as particular regions of belts 
and zones, storm systems, etc.). Multiple observations of these regions as a func- 
tion of illumination and viewing geometry (i.e. center-to-limb observations as the 
feature rotates with respect to the spacecraft, and observations acquired at various 
phase angles) will enable the full three-dimensional character of the atmospheric 
region to be determined. For Saturn, such detailed sets of observations are referred 
to as Feature Tracks and Feature Campaigns. Specifically, a Feature Track is a set 
of center-to-limb observations acquired at one phase angle; A Feature Campaign 
comprises a set of Feature Tracks, obtained over the full range of available phase 
angles during one orbit. It is expected that at least one Feature Campaign will be 
acquired per orbit, comprised of at least five sets of Feature Tracks, with each Fea- 
ture Track comprised of between three and seven individual Type A1 observations, 
depending on the phase angle. In addition, a number of other Feature Tracks will 
be conducted per orbit, scrutinizing various other features for temporal variability 
and contextual relationship with primary Feature Campaign objects. 

Some Feature Tracks are obtained at the same time that data for Cylindrical 
Maps are recorded. At these times large swaths of longitudes are mapped over a 
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relatively narrow range of latitudes. Other Feature Tracks are obtained in specific 
remote-sensing Feature Track observations in cooperation with other remote sens- 
ing instruments. These are typically accomplished at ranges less than seven Saturn 
radii {Rs), in order to provide the necessary spatial resolution needed by the full 
complement of remote-sensing instrumentation onboard Cassini. Still others are 
accomplished during VIMS -specific /eature tracks. 

In practice, it is also expected that many of the Feature Track observations will be 
acquired in cooperative “ride-along” mode with other remote sensing instruments. 
VlMS’s ability to image a 32 x 32 mrad field of view allows coverage of a wide 
range of latitudes and longitudes, particularly when outside of 15 Rs, thus enabling 
many features to be captured within its field-of-view, even when spacecraft pointing 
is being directed at other places on Saturn by other instruments. 

Feature Campaigns as done for Saturn will not be feasible for Titan, whose 
atmosphere is expected to rotate much more slowly than the 10-hr Saturnian period. 
The time when the spacecraft is within 25 Titan radii (Rj) is relatively short (i.e. 
typically 2. 5-5. 5 h), but Feature Tracks will still be possible due to the rapidly 
varying spacecraft-target geometry as Cassini flies over Titan. Approximately a 
dozen such Feature Tracks are expected per Titan encounter. 

Type A2: High-spectral- and moderate-spatial-resolution data acquired outside 
of 25 object radii, utilizing the highest spectral/spatial resolutions of VIMS . At this 
range, global mosaics will be acquired wherein the target is covered pole-to-pole. 
For Saturn, these mosaics may be built up from full-disk imaging or from a set 
of pole-to-pole images acquired over a limited range of solar-illumination/viewing 
geometry, taking advantage of the relatively rapid rotation rate of Saturn to enable 
the acquisition of global mosaics under nearly uniform lighting conditions. For 
Titan, full-disk imaging will be the norm. At least one mosaic of Saturn will be 
acquired per orbit, lasting ten hours with a duty cycle of some 20%. 

Type A3: VIMS-IR only observations for nighttime thermal measurements. 
These will be used particularly on Saturn to acquire high spatial-resolution maps 
when periapsis occurs on the night side, primarily to map out tropospheric distri- 
butions of trace constituents (e.g. PH3, NH3). In particular. Cylindrical Maps will 
be obtained wherein nadir views of Saturn’s deep atmosphere will be acquired, 
peering through relative clearings in the clouds to deep-level “hot spots”. Ten hours 
of continuous observations may be needed, depending on periapsis distance. 

Type A4: VlMS-IR long-integration observations for weak emissions. Methane 
fluorescence will be observed on the dayside, and HJ Z emissions will be observed 
on the night side using this technique. Observations of high-altitude emissions are 
conducted within strong bands of atmospheric methane absorption. Integrations up 
to 10 s may be used. 

Type A5: VIMS high-speed photometry mode for detection and characterization 
of lightning emissions. Under nighttime conditions, while relatively close to the 
planet (less than 10 R$), VIMS stares at one location at a time, searching for light- 
ning. When lightning strikes, the full spectrum is obtained, and acquiring data at 
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high rates (about 20 ms integrations), the chronological order of multiple lightning 
strikes in a single locale can, in principle, he ascertained. From analysis of the light- 
ning emission spectrum in and out of methane absorption bands, it is hoped that the 
altitude of emission can be determined as well as the total energy for each lightning 
strike. 

3.2.2. Atmospheric Stellar Occultations 

Stellar occultations will be attempted periodically during Titan encounters, for a 
period of 5-10 min each. Integration times are typically 80 and 13 ms, respectively, 
for VIMS-VIS and VIMS-IR. These high sampling rates thus enable VIMS-VIS 
vertical resolutions of between 30 and 50 m for tangential spacecraft velocity com- 
ponents, relative to Titan, of 3-5 km/s. Observations last 3-6 min on average. 
Further details on particular occultation modes are discussed later. 

3.3. Rings 

There are two major types of measurement objectives for the VIMS investiga- 
tion with respect to Saturn’s ring system: Spectral imaging and stellar occultation. 
Spectral imaging will be used to map and study the composition and mineralogy 
of Saturn’s rings. Usually this will use image, line, or point instrument modes (see 
Section 5.2.1 for definitions). Stellar occultations by the rings and observed by 
VIMS will be used to study the dynamical structure of the rings. The occultation 
modes are used for these (see Section 5.2.2 where these modes are defined). 

3.3.1. Spectral Imaging of Rings 

The purpose of ring spectral imaging with VIMS is to determine the spatial distri- 
bution of various chemical species in Saturn’s rings by mapping absorption bands 
in the visual and in the near infrared spectral regions. Radial mineralogical differ- 
entiation of the ring may be a key issue, related to ongoing transport phenomena in 
the rings, and related as well to the initial conditions through which the rings were 
formed (like a satellite breakup or the remnants of the protoplanetary nebula). 

Another specific goal of VIMS is to characterize small-particle properties 
through the observation of the rings at various phase angles. Micrometer-sized 
particles are an important tracer of the ring dynamics because they are abundantly 
released during collisions, and also because they are sensitive to non-gravitational 
forces like radiation pressure or the Lorentz force. The visual and infrared channels 
of VIMS have access to the very wavelengths from which Mie scattering phase 
functions may be derived for these particles. Such functions yield some impor- 
tant physical properties of the particles (real and imaginary refractive index, size 
distribution). 

Spectral identifications will require mapping the Saturnian ring system at the 
highest spectral and spatial resolution consistent with mission constraints. The best 
opportunity for spectral imaging of the rings occurs at Saturn Orbit Insertion when 
the spacecraft is closer to the rings than it will be for the rest of the Saturn Orbital 
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Tour. The present scenario calls for VIMS to be operated in line mode, using the 
shortest possible integration time consistent with useful signal precision (signal- 
to-noise ratio, or S/N). We note that VIMS-IR 2-D scan mirror is particularly 
convenient for that purpose since it allows us to choose the region of the ring which 
will be mapped, within the VIMS-IR 32 mrad field of view. During the rest of 
the orbital tour, ring regions to be mapped will be selected according to the orbit 
geometry, so as avoid redundancy and cover as much as possible of the ring system 
in the initial phases. In later phases, when interesting compositional and dynamical 
regions are discovered, they will be re-observed using a strategy specific to the 
phenomena being studied. 

Some regions of dynamical interest will be mapped at the highest possible 
spatial resolution. In particular, spectral signatures near sharp edges, wave features, 
or narrow ringlets can provide evidence for the release of fresh material through 
enhanced collision rate. The radial width of the waves features is typically 100 
km, i.e. barely resolvable by the VIMS instrument. Nevertheless, mineralogical 
differentiation near these regions can be detected, in particular during the close 
approach of the entrance orbit. On the other hand, the typical width of sharp edges is 
a few meters only. However, the streamline distortions near an edge are significant 
over radial distances of several tens of km. Thus, VIMS may detect and map 
mineralogical differentiation near edges also. Transient phenomena like clumps or 
braids in the narrow F ring will also be mapped by VIMS. 

Depending on the precise orbital tour, VIMS observations of the rings will cover 
a complete range of phase angles, allowing the size range of small particles to be 
strongly constrained. The range of phase angles to be covered is 0-165°, the latter 
limit dictated by the need to keep direct sunlight off the VIMS focal plane. 

Long exposures will also be made (consistent with the ~1.2 s limit on the 
integration time in VlMS-lR) to map the structure and composition of faint rings 
like E ring, whose optical depth lies in the range 10“^- 10“^. In addition, the 
comparison of the spectrum of Saturn’s E ring to that of Enceladus will help to 
determine if Enceladus is indeed the source of the E-ring material as is presently 
thought. 

3.3.2. Stellar Occultations by Rings 

The purpose of ring-stellar-occultation observations with VIMS is to obtain 
high-S/N optical depth profiles of the rings, at a variety of longitudes, ring 
incidence angles, wavelengths and times during the Cassini orbital tour. The radial 
resolution is limited by the VIMS sampling time (13-100 ms, corresponding to 
100 m-1 km typically), by Eresnel diffraction (typically 40 m, at 3-/rm wavelength 
and a distance of 5 Rs), and by the diameter subtended by the stellar disk at 
the rings (10-100 m). The S/N achieved will depend on the sampling time, the 
stellar brightness, and the background flux of sunlight reflected by the rings into 
the VIMS aperture. Simultaneous observations at two or more wavelengths will 
permit this background signal to be subtracted from the stellar signal, once the 
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appropriate calibration data are obtained. Typical occultation durations will be 30 
min-5 b, with 2 h a good average for a complete ring occultation near pericenter. 
A similar experiment may be done using the Sun as a source using the VIMS-IR 
solar port, but in this case the primary purpose is to quantify the ring extinction as 
a function of wavelength between 1 and 5 /xm, at 300-1000 km spatial resolution. 

During stellar occultations, VIMS will also obtain information on the ring parti- 
cle size distribution by observing the ’aureole’ of forward-scattered light surround- 
ing the direct stellar line-of-sight. Utilizing the full VIMS wavelength range of 
0.3-5 /xm, and obtaining 32 x 32 mrad ’images’, particle sizes between 2 /xm and 
3 mm can be probed. 

Because the angular size of the effective VIMS pixel (0.5 x 0.5 mrad) is compara- 
ble to the pointing command and control errors expected for the Cassini spacecraft, 
an active method is necessary in order to keep the instrument bore-sighted on the 
star during a ring occultation. This will be achieved by using the VIMS-IR 2-D 
scanning capability to periodically perform small (4 x 4) raster scans, identify the 
location corresponding to the maximum stellar signal, and then reset the mirror po- 
sition accordingly. Because portions of the rings are likely to be effectively opaque 
(notably the middle B Ring) this ’auto-guiding’ function can be turned off for short 
periods according to a specified schedule. 

In order to correct the ring occultation data for the presence of reflected ring 
light, a spatial map of the ring reflectivity spectrum is required. For this purpose, 
1 -D drift scans across the rings will be conducted at a range of phase angles and 
lighting conditions (lit side/unlit side, as well as various incidence angles), using 
the identical data mode used to take ring occultation data. For these scans, standard 
spacecraft attitude control will be sufficient. In fact, these scans may be identical 
to regular 1-D spectral maps of the rings acquired for other scientific purposes. 

Full IR spectral observations of the occultation stars prior to the actual occulta- 
tion observations will be necessary for calibration purposes, and for final selection 
of suitable occultation candidates. Some stellar observations must therefore be done 
during the interplanetary cruise phase, prior to SOI. 

VIMS packets containing occultation data also contain absolute timing signals 
derived from the ultra-stable oscillator (USO) in the radio science subsystem. The 
exact relation between the photon- arrival time of the first data point in the packet 
and the recorded clock signal will be known to ±1 VIMS sample, or 13 ms. The 
absolute precision of the timing signals will be maintained to the same level, or 
better, and the VIMS sampling rate will be controlled and known to an accuracy 
such that the maximum cumulative timing error over one packet is appreciably 
less than 13 ms. The overall goal is that the photon arrival time for any specified 
occultation datum can be reconstructed to ± 13 ms, after the data is received on the 
ground. 

Ring occultations can only be carried out on inclined orbits, and are thus con- 
centrated within certain limited periods of the baseline orbital tour. Only the ingress 
of the star behind the rings is observed, so as to permit acquisition of the star via 
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the star tracker prior to the occultation. Similar opportunities exist on most inclined 
(/ > 10°) orhits, and a great many more on the near-polar orhits in the last year 
of the haseline tour. A total of 50-100 stellar occultations hy the rings may he 
ohservahle during the nominal mission. 



4. Instrument Description 

This section presents a hroad overview of the technical aspects of the VIMS in- 
strument. For a detailed technical description, the reader is referred to the literature 
(Miller et al, 1996; Reininger et al, 1994) and Cassini project documents that 
describe the technical aspects of the VIMS instrument in detail. For a complete 
discussion of the operational aspects of the Cassini VIMS the reader is directed to 
the VIMS Users Manual (JPL document D- 14200). 

4.1. VIMS-VIS THE Visual Channel 

VIMS-VIS is a multispectral imager covering the spectral range from 0.30-1.05 
/xm. VlMS-VlS is equipped with a frame transfer CCD matrix detector on which 
spatial and spectral information is simultaneously stored. The CCD is passively 
cooled in the range (—20 to -|-40°C. Radiation collected from VIMS-VIS tele- 
scope is focused onto the spectrometer slit. The slit image is spectrally dispersed 
hy a diffraction grating and then imaged on the CCD: thus, on each CCD column 
a monochromatic image of the slit is recorded. On-chip summing of pixels al- 
lows implementation of a large number of operating modes for different observing 
conditions. 

The maximum capabilities of VIMS-VIS are a spectral resolution of 1.46 nm 
and a spatial resolution of 167 /xrad while in the high-resolution mode of operation. 
On-chip summing of five spectral x three spatial pixels enables the normal mode 
of operation whereby VIMS-VIS achieves a spectral resolution of 7.3 nm and a 
spatial resolution of 500 /xrad. The total field of view of the instrument is 2.4° x 
2.4°, although matching with VIMS-IR imposes the use of a 1.8° x 1.8° FOV. The 
main characteristics of the instrument are listed in Table I. 

As seen in the functional block diagram (Figure 1), VIMS-VIS is composed of 
two modules, the optical head and the electronic assemblies, housed in separate 
boxes. The VIMS-VIS optical head, shown in Figure 2, consists of two units: a 
scanning telescope and a grating spectrometer, joined at the telescope focal plane 
where the spectrometer entrance slit is located. The telescope mirrors are mounted 
on an optical bench that also holds the spectrometer. In fact, the optical bench is 
the reference plane for the whole instrument. 

The telescope primary mirror is mounted on a scan unit that accomplishes two 
specific tasks: (a) pointing and (b) scanning. The scanning capability enables the 
500 /xrad IFOV of the nominal mode of operation by a two-step motion of the 
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TABLE I 

VIMS-VIS System Characteristics (After Reininger et al, 1994). 



Spectral coverage 


350-1050 nm 


Spectral sampling (VIMS-VIS capability) 


1 .46 nm 


Spectral sampling (Cassini requirements) 


7.3 nm (5 pixel summing) 


IFOV 


0.17 X 0.17 mrad 


Effective IFOV 


0.5 X 0.5 mrad (3x3 pixel summing) 


FOV (Cassini requirements) 


1.83° X 1.83° 


FOV (VIMS-VIS capability) 


2.4° X 2.4° 



primary mirror during each integration time; images are produced by scanning 
across the object target in the down track direction (push-broom technique). The 
pointing capability is used to image selected target regions in a range about 1.8° 
around the optical axis, and to observe the Sun, through the solar port, during 
in-flight radiometric calibration. 

An in-flight calibration unit is located at the entrance of the telescope. The unit 
consists of: (a) two LEDs for a two-point calibration of the spectral dispersion 
and (b) a solar port for direct solar imaging and hence for radiometric calibration. 
Because the remote sensing pallet is body-mounted to the spacecraft, to image the 
Sun the spacecraft is reoriented to form a 20° angle with the boresight direction of 
the instrument and the instrument scan mirror needs to be moved to an angle of 4.8° 
from boresight. Under these conditions light from the Sun passes through a cutout 
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Figure 1. VIMS-VIS functional block diagram. 
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Figure 2. VIMS-VIS cutaway diagram. 



in the instrument baffle and then through a prism that attenuates the solar radiation 
and redirects it towards the telescope primary mirror. Due to budget constraints, 
the high-resolution mode was been implemented and tested, but not calibrated. 
Calibration will be accomplished during the cruise phase to Saturn. 



4.2. VIMS-IR THE Infrared Channel 

In Figure 3 is a wire-frame drawing of VIMS-IR showing the major optical com- 
ponents along with the light paths. At the top of Figure 3 can be seen the visual 
channel with its light path and foreoptics, and near the bottom of Figure 3 is the 
infrared channel with its light path and foreoptics. Also shown at the right is the 
cover for the VlMS-lR optics that was successfully deployed as of August 15, 1999, 
some 50 h before the time of closest approach during the Cassini Earth Swingby. 
VlMS-VlS and VIMS-IR are mounted to a palette that holds them in optical align- 
ment and helps to thermally isolate the instrument from the Cassini spacecraft. 
Thermal isolation is particularly important for the infrared channel because ther- 
mal background radiation from the IR spectrometer, combined with shot noise from 
leakage current in the InSb photodiodes of the 256 element linear array detector 
of VIMS-IR are the chief sources of noise in measurements obtained with the IR 
channel. The nominal operating temperature for the VIMS-IR focal plane is 55-60 
K and for the IR foreoptics and spectrometer optics 120 K. 
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Figure 3. VIMS IR wire-frame drawing. 



The VIMS instrument is mounted on the Cassini spacecraft hy means of a palette 
(called the remote sensing palette or RSP) on which are also mounted the Cassini 
imaging science subsystem (ISS), the composite infrared spectrometer (CIRS), 
and the ultraviolet imaging spectrometer (UVIS). Mounting of all the Cassini 
remote sensing instruments on a common palette allows relatively precise horesight 
alignment of the four instruments, enhancing synergy between the four instruments. 

Figures 4 and 5 are computer-aided design (CAD) models of the Cassini space- 
craft with all of the major spacecraft components and their spatial relationship to 
the remote sensing palette indicated. Figure 4 specifically shows the mounting po- 
sition and orientation of the VIMS instrument on Cassini. Figure 6 is a picture of 
the infrared channel very near the time that the VIMS instrument began its thermal 
vacuum and ground calibration tests prior to integration on the Cassini spacecraft. 
Also in Figure 6 are some of the nefarious characters that helped give birth to VIMS. 

4.3. Functional Diagrams 

Figure 7 is a functional block diagram of the entire VIMS instrument, with VIMS- 
VIS and VIMS-IR integrated on an optical pallet assembly (OPA). 

4.4. Performance and Optical Specifications 
4.4.1. VIMS-VIS 

The optical specifications of both components of the VIMS instrument are given in 
Table II. The VIMS-VIS telescope is a//3.2 system which uses a Shafer design to 
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Figure 4. CAD model of Cassini orbiter with VIMS shown. 




Figure 5. CAD model of Cassini with various subsystems indicated. 



couple an inverted Burch telescope to an Offner relay system. The Burch telescope 
consists of a concave scanning primary mirror, a planar folding mirror, and a spher- 
ical convex secondary mirror. The Burch telescope produces a curved, anastigmatic 
virtual image which is fed to the Offner relay whose purpose is to produce a flat, 
real image on the telescope focal plane without loosing the anastigmatic quality 
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Figure 6. VIMS-IR and some of the engineers. 




Figure 7. Integrated VIMS functional block diagram. 



of the Burch telescope (See F. Reininger et al., 1994). The telescope is effectively 
diffraction limited at 0° scan angle over the full field, the encircled energy at 1.2° 
off-axis (maximum VIMS-VIS capahility) is 97.8% for a 24 /rm square (size of 
the CCD pixel); moreover, the geometrical spot sizes were under 12 /xm at 0° scan 
angle over the full field. 
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The focal plane of the telescope is the entrance object plane of the spectrom- 
eter. The spectrometer is an Offner relay matched to the telescope relay (fl{3.2) 
that utilizes a holographically recorded convex spherical diffraction grating as the 
secondary mirror of the Offner relay. The grooves of the grating have a rectangular 
profile. In addition, two different groove depths are used in adjacent sections of 
the grating to enhance the grating efficiency spectrum in the UV and IR regions. 
This compensates for the spectral response function of the CCD detector (quantum 
efficiency) and for the solar radiance (the peaks occur at about 675 and 475 nm, 
respectively). In 67.5% of the grating surface, there is a groove depth of 300 nm 
while the remaining 32.5% is covered with grooves of depth 440 nm. The spec- 
trometer spot diagrams show that for a 0° scan angle all the energy falls inside a 
CCD pixel over the full angular and spectral fields. 

The CCD detector isa512x512 Loral frame-transfer, front-side-illuminated 
device. The pixel size is 24 /xm x 24 /xm. Half of the detector is used for the 
frame transfer, and the effective sensitive area corresponds to a 256 spatial x 480 
spectral pixels. To minimize second- and third-order light from the grating, two 
long-pass filters were deposited on a window used to seal the detector. The junction 
between the two filters (located at 601 nm) induces a dead zone on the detector 
of less than 40 /xm (a nominal spectral pixel is 120 /xm wide). To improve CCD 
detector responsivity in the UV region of the spectrum a Lumigen coating has been 
deposited on the CCD sensitive surface in the region 300^90 nm. 

The performance of the instrument can be evaluated by its S/N for a given 
configuration of the instrument and for a given target scenario. VIMS-VIS has 
been designed to guarantee a S/N >100 under all observing conditions for the 
nominal mode of operation. 

4.4.2. VIMS-IR 

The VIMS infrared channel optical design follows that of the Galileo NIMS in- 
strument, but incorporates several improvements that result in much better per- 
formance than that of its predecessor. The IR foreoptics is a 23-cm diameter 
Ritchey Cretien telescope operating at /'/3.5. It is equipped with a secondary mir- 
ror that can be scanned in two orthogonal directions, resulting in the scanning of 
64 X 64 mrad scene across a 0.2 x 0.4 mm entrance slit. The entrance slit is cou- 
pled to a classical grating spectrometer using a//3.5 Dahl-Kirkham collimator. The 
spectrometer incorporates a triply-blazed grating whose blaze angles have been 
adjusted so as to compensate for the steep drop in intensity of the solar spectrum 
toward long wavelengths, thus resulting in a more uniform signal-to-noise ratio 
across the 0.85-5.0 /xm wavelength region when viewing spectrally neutral objects 
in sunlight. The dispersed light from the grating is imaged onto a 1 x 256 array 
of InSb detectors using a //1. 8, all reflective, flat-field camera. The IR detector 
employs four filters, used both for order sorting and for blocking excess thermal 
radiation from the spectrometer optics. The secondary mirror of the VIMS fore- 
optics is articulated using a two-dimensional, voice-coil actuator capable of 0.25 
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mrad steps in the fast-scan direction and 0.5 mrad steps in the slow-scan direction. 
Because the optical performance and design of NIMS have been descrihed in detail 
elsewhere (Aptaker, 1982; Macenka, 1982), we direct the interested reader to those 
discussions. Below we will focus in more detail on the optical improvements to the 
NIMS design. 

The major areas in which the VIMS design improves on the NIMS design are: 
a two-axis, voice coil actuator for articulation of the telescope secondary mirror; 
a fixed, three-hlaze grating; an improved shutter to replace the NIMS focal-plane 
chopper; on-hoard solar and spectral calihration; and an improved IR detector. 

The two-axis scan mechanism employs four voice coil actuators for articulation 
and two linear variable displacement transformers for position sensing. The sec- 
ondary mirror is mounted on a monolithic gimble ring supported by four flexures. 
The flexure life is predicted to be greater than 20 million cycles. The range of mo- 
tion is 128 steps in the fast-scan direction and 64 steps in the slow-scan direction, 
both covering approximately 64 mrad in angular displacement. The step transition 
time is a maximum of 5 ms. 

The grating is blazed in three separate zones designed to more evenly dis- 
tribute the performance of the spectrometer over the large 0.85-5.1 /xm spec- 
tral region covered by the VIMS instrument. The groove spacing is 27.661/mm, 
and the first, second and third blazes cover 20, 40 and 40%, respectively of the 
area of the grating. The three zones are blazed at wavelengths of 1.3, 3.25 and 
4.25 /xm, respectively. 

The shutter mechanism of VIMS is a blade located just in front of the spectrom- 
eter slit. The shutter can be commanded to block the light from the foreoptics, thus 
allowing a specific measurement of the thermal background radiation and detector 
dark current that collects during a given integration period. In normal operation 
this is accomplished at the end of every fast scan, and the result is both subtracted 
from the open-shutter measurements, and downlinked with the data. A LED-photo- 
sensor pair is employed to detect blade position. Lifetime tests indicate a minimum 
life of 7 X 10^ cycles at the normal operating temperatures of 120-140 K. 

The IR focal plane assembly is a linear array of 256 InSb photo detectors read 
by two FET multiplexers. Each detector is 200 x 103 /xm in size and positioned on 
123 /xm centers. Each multiplexer handles 128 detectors, and the two multiplex- 
ers are interdigitated; thus, each reads every other detector along the array. This 
arrangement was chosen to prevent the loss of half of the spectral range of the in- 
strument if one of the multiplexers fails. The detector is housed in a Kovar package, 
specially constructed to mimic the dimensions of the NIMS detector, and to allow 
the employment of most of the original design of the NIMS passive cooler. To keep 
the detector dark current within the range necessary for observations at Saturn, the 
detector must be cooled to 60 K or less, and becomes non-operational for science 
observations at 77 K. Mounted in the Kovar package and over the detector array are 
four order-sorting filters that also reduce the amount of stray thermal radiation from 
the spectrometer optics incident on the detectors. The filters are arranged in four 
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contiguous segments, the lengths of which were carefully chosen so as to provide 
efficient order sorting and to place the slight gaps between the filters in places that 
would not have an adverse impact on science observations in the Saturn system. 
For more details on the filters (or on any of the above topics) the reader is referred 
to Miller et al. (1996). 

The final fwo enhancements to the NIMS design are the addition of a port 
through which the Sun can be observed and a laser diode that is used for onboard 
wavelength calibration. Detailed descriptions of the solar port and the on-board 
spectral-calibration capability of VIMS appear later in this document. 

4.5. Data Handling, Compression, and Buffering 

Reversible data compression for the VIMS instrument is performed by a dedi- 
cated module based on a digital signal processor working at 6 MHz that inter- 
faces with the VIMS command and data processing unit through an input first- 
in-first-out buffer and an output first-in-first-out buffer. The data compression 
algorithm consists of a preprocessing routine and a Rice entropy encoder (Rice 
et al., 1991). The data unit for compression is a series of 64 spectra (a slice) ob- 
tained during one scan (i.e, in nominal 64 x 64 image mode or 64 x 1 line mode) 
or a series of scans. This provides 64 pixels each with 352 spectels. Each slice is 
divided into 1 1 sub-slices of 32 spectels (three for the visual channel and eight for 
the IR channel), and each sub-slice is compressed independently. This restricts the 
impact of possible bit errors either in random access memory (single event upsets) 
or during transmission. 

The preprocessing routine for the 64 pixel x 32 spectel sub-slice is based on 
the large entropy content of variations in lighting and albedo when compared to 
spectral signatures (more than 5 to 1). Four evenly distributed channels are summed 
and divided by four so as to obtain a representative “brightness line” for this spectral 
range. This line and the brightest spectrum are differenced, then Rice encoded into a 
header. The matrix product of the brightest spectrum by the brightness line provides 
a model rectangle where every pixel has the same brightness as the actual data and 
the same spectrum as the brightest pixel. The model rectangle is then subtracted from 
the actual data. The entropy of the resulting “spectral rectangle” is directly related 
to the variations in relative spectral characteristics. It is then differenced along the 
spatial direction and the 63 x 32 differences are Rice encoded. Reconstitution 
on the ground first recovers the brightness line and brightest spectrum from the 
header, then the rectangle of 63 x 32 differences, and finally fhe original dafa 
faking advanfage of fhe facf fhaf model and dafa are identical for fhe brighfesf 
specfmm. The compression rafio for fully reversible compression ranges befween 
2 and 3 depending on fhe acfual enfropy of fhe dafa. 

Reversible compression is highly sensifive fo over sampling of fhe noise. 
Each doubling of fhe dafa number (DN) level of fhe noise adds 1 bif per 
dafa elemenf fo fhe compressed siring. Afler calibralion, fhe shol noise can 
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be accurately predicted from the data itself. The algorithm provides the pos- 
sibility of defining two DN limits, Lim2 and Lim4, above which the total 
noise is expected to exceed 2 (4) DN. Each datum in the spectral rectangle 
is divided by 2 if the model value exceeds Liml (Lim2) (4). The quantiza- 
tion noise after reconstitution is then 2 x 0.28 DN (4 x 0.28 DN) instead of 
0.28 DN hence the compression algorithm is able to automatically divide the actual 
gain by 2 (4) for DN levels associated with large shot noise. Setting Liml and Lim2 
to 4096 (larger than any 12 bit data) provides fully reversible compression. 

A data buffer of 4 Mb is used for buffering data between the VIMS processor 
and the spacecraft. Its full memory is divided into two redundant pages of 2 Mb, 
each consisting in 32 sectors organized as a matrix of four lines by eight columns. 
Each sector contains two 32K x 8 RAM chips, connected in parallel to achieve a 
16-bit architecture. Each sector can be specifically selected. The transfer is made 
via a direct memory access (DMA), with write and read maximum times of 240 
and 140 ns, respectively. Each column includes an “anti-latchup” capability and 
over-current protection, which switches off the power autonomously in case of 
over-threshold current ( 100 mA in 1 1 /xs or 200 mA in 4.4 /xs). 

Dassault Electronique of Erance developed the VIMS data buffer. It was qualified 
for radiation levels up to 20 krad, storage temperatures of (—55 °C, 4-125 °C, and 
operating (full functional) temperatures of (—40 °C, 4-80 °C. It consists of a single 
board, with one page on each side, 162 x 129 x 17 mm^ in size, and 625 g in mass. 
With a 5 4= 0.25 V supply voltage, its power consumption is 1.5 W in stand-by 
mode, and 2 W during operations. 

5. Instrument Operation 

5.1. General Operational Considerations 

5.1.1. VIMS-VIS 

VIMS-VIS operates in different operating states and in different modes. The CCD 
data acquisition mechanism combines pixels by summing them on chip, both in 
the spatial direction (along slit) and in spectral direction. The use of a scanning 
secondary mirror allows summation of pixels parallel to the slit. Thus square spatial 
pixels are generated in lower spatial resolution modes. There are five operating 
states of the instrument as a whole: science status, internal calibration, uploading, 
downloading, and off. The scientific data and the internal calibration data are in turn 
defined by different operating parameters that translate the scientific requirements 
for the data collection into the physical, electrical and optical characteristics of the 
instrument. 

When VIMS-VIS is switched on it goes into the science state in the nominal 
mode. The commands to change the operating state are sent to the VIMS-VIS 
electronics together with the set of parameters relevant to define a new sfate. The 
scientific data set can be obtained in different “operative modes” according to the 
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different observation scenarios. For each mode the operating parameters define 
the characteristics of the data to be collected, such as spatial resolution, spectral 
resolution, and extent and location of the scene to be observed in the instrument 
FOVs. When the instrument is switched on, the combination of different parameters 
that define fhe different observation modes are loaded. The input parameters of the 
scientific dafa acquisifion modes are: 

(a) Summing paramefers, 

(b) Swafh widfh, 

(c) Swafh offsef, 

(d) Specfral offsef, 

(e) Swafh lengfh, 

(f) Exposure time, 

(g) Exposure time delay, 

(h) Mirror, 

(i) Gain, 

(j) Anli-blooming. 

Differenl combinafions of fhese paramefers lead fo several differenl operafive 
modes. 

5.1.2. VIMS-IR 

The two main considerations in the design of the IR component of VIMS are 
flexibility and compatibility with the other Cassini remote sensing instruments. A 
range of programmable parameters, including integration time, swath width and 
length, and mirror position enable the instrument to adapt to a variety of observing 
modes dictated by the scientific objectives of each phase of the Cassini mission, and 
by synergistic observations with other Cassini instruments. Software enhancements 
uploaded after launch provide more levels of flexibility, including spectral editing, 
additional image sizes, increased spectral resolution in the visual channel, and a 
doubling of the instrument’s spatial resolution. 

5.2. Specific Operational Modes 

Image, line, point, and occultation are instrumental modes of operation. An oper- 
ational mode corresponds to specific insfrumenfal parameter settings, as was illus- 
trated in Section 5.1.1. The image, line, and point modes are the most frequently 
used. Observation types (Sections 3.1.1. and 3.2.1) are use oriented variations on 
single modes. 

5.2.1. Image, line and point mode descriptions 

The majority of scientific observafions by VIMS will be in fhe image, line, or point 
modes. Several modes were tested for a variefy of infegrafion limes and inslrumenl 
gain slales. Eor image sizes smaller lhan 64 x 64, fhe scan mirror can be offsef from 
fhe boresighl in bolh fhe x and z directions. In fhe image mode, VIMS is a framing 
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instrument, producing a spectral cube of 352 images in the specified size. Three rou- 
tinely used sizes for the images are a full 64 x 64IFOVS, 12 X 121FOVsandasingle 
(1 X 1) IFOV. The 12 X 12 image size corresponds to the field of view of the im- 
age science subsystem’s narrow angle camera (ISS NAC). This mode will be used 
to efficiently gather data simultaneously with ISS. The 1x1 image size corre- 
sponds to point mode, which will be used primarily for stellar occultations or for 
the accumulation of spectra during a rapid flyby of a target for which motion com- 
pensation is not possible. Rectangular combinations of 12, 32, and 64 are also in 
the group of tested modes: these will be used during periods when the data rates or 
volume is constrained. It is possible to offset the position of the scan mirror so that 
“sub images” are gathered in a position offset from the center of the field of view. 
Compositional mapping and photometric studies of Saturn, the surfaces of the icy 
satellites. Titan, and the rings, and dynamical studies of Saturn and Titan will be 
performed primarily in the image modes. 

The VIMS instrument was also designed to obtain data in single lines of either 
12 or 64 IFOVs parallel to either the spacecraft’s x- or z-direction. The line mode 
parallel to the z-direction will be used in synergistic studies such as atmospheric 
profiles of Safurn and Titan with CIRS and UVIS, both of which have slits parallel 
to this axis. Line mode can also be operated such that the spacecraft’s motion scans 
a second spatial dimension. These modes of operation are useful, for example, in a 
rapid flyby where motion compensation is not possible. 

5.2.2. Occultation Modes 

VIMS is the only instrument on the Cassini payload capable of observing stellar 
occultations in the visual and near IR portion of the spectrum. Stellar occultations by 
the atmospheres of Titan and Saturn will be used to derive the vertical distribution 
and microphysical properties of aerosols, and the stratospheric temperature profiles 
of these two bodies. Stellar occultations of the rings of Saturn will provide a sensitive 
probe of their radial structure, optical depth, composition and physical properties. 

Occultations will be executed in the point mode. Before each occultation a 12 
X 12 image of the star will be obtained. On-board software will seek the pixel 
with the maximum brightness. The instrument’s mirror will be offset so that data is 
gathered in this pixel. If necessary, additional images can be gathered during long 
occultations to check that the star is still centered in the selected pixel. If the star 
has drifted, the mirror can be repositioned so that data are gathered from the pixel 
with the maximum brightness. 

Three different modes of ring occultation observation are currently envisaged, 
with different data rates and spectral coverages: 

Occultation mode 1: In this mode, which is applicable to stellar occultations 
by Saturn, Titan, and the rings, complete IR spectra are recorded, compressed, and 
either stored in the VIMS internal buffer or in the spacecraft on-board solid state 
recorder (SSR). The scan mirror oscillates so as to synthesize an effective 0.5-mrad 
square pixel for each spectrum. The sampling rate is adjusted, up to a maximum of 
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~10 Hz (one complete spectrum every 0.1 s). The maximum data rate (2:1 com- 
pressed) is 0.5 X (256 channels x 12 hit (10 Hz) = 15.4 kh/s. Typical data volumes 
are 5 Mh for a 300-s atmospheric occultation, and 1 10 Mh for a 2-h ring occultation. 
A modification of this mode, employed for the aureole observations, is to interrupt 
the regular occultation data stream with a full 64 x 64 pixel spatial/spectral map 
of the starlight scattered hy the rings into the instrument FOV. Such a map would 
require 8.6 Mb of data, compressed, and take ~450 s at 100 ms sampling. Since 
each pixel subtends at least 150 km on the rings at 5 Rs, the full image covers a 
patch about 9600 km square, about twice the distance the star travels across the 
rings in 450 s, and comparable to the largest homogeneous regions in the A, B and 
C rings. 

Occultation Mode 02: In this mode, to be used primarily for ring occultations 
(but possibly also for icy satellite occultations), edited spectral averages are 
returned at the maximum VIMS sample rate of 77 Hz. Using spectral editing 
mode, a small number of spectral editing masks will be chosen, but a typical mask 
would require the co-addition of 15-30 contiguous spectral channels centered 
at four different wavelengths. A typical example might be 30 co-added channels 
centered at 2.00, 2.25, 2.90, and 3.50 /xm. As in mode 01, the internal mirror 
oscillates every 6.5 ms to synthesize a 0.5 mrad square pixel. The four co-added 
signals are stored or transmitted, uncompressed, every 13 ms, for a data rate of 
four channels x 12 bit x 77 Hz = 3.7 kb/s, plus timing and housekeeping data. 
Total data volume is 27 Mb for a 2-h occultation. 

Occultation Mode 03: Solar occultations. During a solar occultation experiment 
VIMS stares at the Sun through its solar calibration port, monitoring the extinction 
of sunlight by Saturn’s rings, Saturn’s atmosphere or Titan’s atmosphere. Because 
the Sun has a large angular diameter even at Saturn’s distance, (0.9 mrad at 10 AU), 
the maximum spatial resolution under these conditions is 300 km, and the necessary 
sampling time about 15 s or longer. Typical observations of the rings, for example, 
would result in full IR spectra every 15 s, for one spatial pixel, yielding a data rate 
(compressed) of 102 bps and a data volume of 740 kb for a 2-h occultation. 



5.2.3. Solar Port 

The solar port of VIMS was added late in the instrument design stage to recover 
some of the capability lost by the deletion of the Cassini spacecraft’s calibration 
target. As a bonus, the solar port is capable of performing observations of solar 
occultations for atmospheric and ring studies. 

The solar port strongly attenuates the solar spectrum that, once it passes through 
the solar port itself, follows the same path through the instrument as photons incident 
on the boresight. Its chief purpose is to acquire a solar spectrum that can be used 
to remove the effects of solar illumination from the VIMS data to obtain accurate 
scales of relative and absolute reflectance. The port’s boresight is offset from VIMS 
main optical axis by 20 °, to coincide with the optical axis of the UVIS instrument. 
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This configuration facilitates compatible operations between the two instruments 
for solar occultations of the atmospheres of Titan, Saturn, and of the rings. 

The large attenuation factor is achieved by the small aperture of the solar port in 
comparison to the main beam, and by a series of one 70 ° and 90 ° reflections from 
right angle prisms made of ZnSe. Most of the incident flux is reflected back out of 
the entrance aperture by internal reflection in the prisms. The beam exiting the cal 
port is first focused by the primary and secondary telescope mirrors onto the VIMS- 
IR entrance slit, and then it enters the spectrometer. The incident solar radiation will 
illuminate only a small portion of the diffraction grating, because the cal port aper- 
ture samples only a portion of the main instrument’s aperture. The optical design 
ensures that this region overlaps the short and medium- wavelength blaze regions 
on the grating, in the ratio of 1 :3. The long- wavelength blaze is not illuminated. The 
predicted attenuation factor is 1.35 x 10“^ at 0.85 /xm, 1.09 x 10“"* at 3.0 /xm, and 

1.04 X 10 "* at 5.0 /xm. The actual attenuation factor in flight, measured by observ- 
ing the Earth’s moon in both the occultation port and the main aperture, is about 

2.5 X 10“^ 

5.2.4. IR and VIS Timing and Coordination 

Although the infrared and visual channels have separate optics and detectors, the 
two data streams are combined in the instrument’s electronics so that a single 
spectrum of the same physical area on the target is produced. The visual channel 
utilizes an area array so it is able to gather an entire line of data during a single 
integration. The same line synch pulse that initiates the IR scan synchronizes the 
acquisition of the visual line. After the first visual integration period is complete, the 
entire frame of data is transferred and stored within the CCD for initial processing. 
The line of visual data is then sequentially read out and digitized by the visual 
channel electronics. Three lines of visual data are accumulated during the time of 
the forward scan of the IR channel. These individual visual pixel elements are then 
summed three by five (both spatially and spectrally) to yield a line of square pixel 
elements of ~0.5 mrad and with spectral channel widths of ~7 nm. This line of 
visual data is transferred to the instrument’s main electronics over the global bus in 
exactly the same fashion as the IR data. The integrated visual and infrared spectra 
are then stored in the control processor’s RAM. 

6. Instrument Calibration and Cruise Data Analysis 

6.1. Synopsis of the Ground Calibration 

Spectral calibration of VIMS occurred in three separate steps. As above, we denote 
the visible spectral region component (channel) of VIMS as VIMS-VIS, and the 
infrared component (channel) as VIMS-IR. VIMS-VIS was calibrated separately 
in Italy prior to integration with VIMS-IR at JPL. VIMS-IR was calibrated in 
the thermal vacuum tests at JPL January 28-February 5, 1996. The integrated 
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instrument was further tested at the JPL thermal vacuum facility July 16-17, 1996. 
This final test only included filter transmission and mineral target tests. 

The spectral calibration resulted in a specification of the wavelength position 
and bandpass of each VIMS spectral channel across the instrument field of view 
and as a funcfion of temperature. The VIMS-IR spectral response is identical across 
the full field of view fo wifhin about a nanometer (nm) over the temperature range 
tested. The VIMS-IR sampling interval is about 16 nm in the IR, thus a 1-nm shift is 
a small fraction (<7%) of the sampling interval. VIMS-VIS has a sampling interval 
of '^7 nm and tests show stability to better than about 0.3 nm. 

The detailed plan for the VIMS ground calibration evolved over a period of 
approximately four years, being completed in mid- 1995, roughly six months be- 
fore the actual measurements were to commence. The time frame for the ground 
calibration was driven by the planned delivery date of the fully integrated VIMS 
instrument in the September-October period, 1996. As mentioned above, because 
VIMS-VIS was not completed at the time of the main calibration, only VIMS-IR 
was calibrated. As a result of the slip in the schedule for he delivery of VIMS- 
VIS, a substantial recalibration of the integrated instrument has been undertaken 
while Cassini is in route to Saturn. The details of the efforts to calibrate the VIMS 
instrument in flight appear later in this document. 

The main ground calibration of the IR channel was carried out in six separate 
areas: radiometric/flat field response, geomefric, polarimefric, specfral, and solar 
port response. In fhe early phases of fhe genesis of fhe VIMS ground calibrafion 
plan, measuremenf of VIMS sfray lighf rejection performance was also envisioned, 
buf pracfical difficullies in performing fhose measuremenfs under vacuum and af 
fhe operational femperafures required necessifafed eliminafion of fhe groundbased 
measuremenfs in favor of measuremenfs in flighf. Those measuremenfs are dis- 
cussed lafer in fhis documenf. 

The acfual measuremenfs were carried ouf in fhe JPL fhermal vacuum fesfing 
facilify in fhe largest thermal vacuum tank available. The in-flight thermal envi- 
ronment for VIMS was simulated by cooling the interior surfaces of the thermal 
vacuum tank with liquid N 2 , and providing a cold target that filled fhe fields of view 
of fhe passive coolers of bofh VIMS-VIS and VIMS-IR wifh a high-emissivify 
surface cooled fo 4 K. In refrospecf, fhe fhermal environmenf of fhe JPL fhermal 
vacuum lank and fhe cold largel was quile accurate because fhe femperafures of fhe 
inslrumenls optics and focal planes in flighl are wifhin a few K of fhose measured 
while fhe inslrumenl was in fhe lesl environmenf. 

6.2. Radiometric Calibration 
6.2.1. VIMS-IR 

The radiomelric response of VIMS-IR was carried ouf before launch in fhe Iher- 
mal vacuum facility al fhe Jel Propulsion Laboralory. A learn of scienlists, sup- 
ported by fhe inslrumenl engineering learn al JPL, designed and carried ouf Ihese 
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measurements. The team members responsible are Thomas B. McCord (lead), 
Robert Brown, Angioletta Coradini, Vittorio Formisano, and Ralf Jaumann. Also 
contributing were Giancarlo Bellucci, Bonnie Buratti, Frank Trauthan, Charles Hi- 
bbitts and Gary Flansen. Two sessions were conducted, one in January and the other 
in July of 1996. In-flight calibration efforts were conducted during the Venus, Earth 
and Jupiter flybys, and for two star observations. A workshop was held in Hawaii in 
February 2001 to review the information obtained. Additional people contributing 
post launch were Kevin Baines, Roger Clark, and Robert Nelson. 

The equipment facility during the ground calibration included a JPL thermal 
vacuum chamber cooled by liquid nitrogen and containing the instrument, which 
viewed the outside through a window with known optical transmission. A reflecting 
collimator fed light from several sources to the instrument. The calibrated sources 
were a glow bar and a tungsten lamp; their energy delivered to the instrument 
was controlled by adjustable iris diaphragms at the exit of the lamps. The light 
sources and delivery system were covered to eliminate outside light and, during 
the first session, the tent was purged with dry nitrogen to reduce the effects of the 
atmosphere gas absorptions (mainly C02 and H20). Measurements were made at 
several instrument and focal plane temperatures, but most measurements were made 
with the focal plane temperature in the range 60.7-61.69 K. Data were acquired at 
several light levels and integration times, including zero. 

The characteristics of the instrument that were explored were dark current (de- 
tector thermal carrier generation and electronic off-sets), background signal (mostly 
thermal radiation from the chamber window and from outside), linearity of response, 
ratio of responses at the two gain states, performance of the detector for two dif- 
ferent bias levels, and overall radiometric response over the spectral range. The 
instrument was determined to be linear within the measurement error to detector 
saturation. The dark current, background, gain ratios and behavior at different bias 
are reasonable, stable and as expected. The overall spectral responsivity was most 
difficult to calibrate due to several factors, including an unexpected and unknown 
(at the time) change in a light source during the calibration effort. This effort has 
been enhanced during in-flight calibration efforts and the responsivity calibration 
is converging. 

In-flight calibrations were conducted at Venus only for the visual channel be- 
cause the cooler cover was not yet removed from the IR channel radiator. The entire 
instrument calibration was tested at the Earth-Moon (for the Moon only) and the 
Jupiter fly-bys and for two star observations. The data are still being analyzed at this 
writing for the in-flight calibrations, but the general result so far is to further refine 
the calibrations and to gain better understanding of the instrument performance, 
which remains as expected. 

One interesting characteristic experienced is the difficulty of achieving precise 
and stable calibration for sources smaller than the spectrometer slit width (sub-pixel 
sources). This is because the effective spectral resolution of the spectrometer and 
the exact location of the source image on the detectors depend on the size of the 
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Figure 8. Spectro-radiometric response of the VIMS-IR channel as a function of wavelength in 
photons per data number. This plot represents the status of the calibration as of the writing of this 
article. Improvements and changes are expected with time and further analysis. 



source and its exact location in the focal plane. Thus, it will he difficult to precisely 
predict radiometric performance for sub-pixel sources. Nevertheless, for sources 
that fill the slit, the instrument behavior is normal and as expected. 

The spectro-radiometric response function as currently known is given in Figure 
8. Improvements and changes are expected with time and more analysis. Thus, the 
reader is referred to the VIMS planetary data system (PDS) archive for appropriate 
calibrations to be used with flight data. 

6.2.2. VIMS-VIS 

VIMS-VIS was constructed and calibrated in Italy, at Officine Galileo. It was cali- 
brated in two phases: (1) at Officine Galileo prior to the integration with VIMS-IR, 
and (2) at JPL after the integration on the remote sensing palette. The activity 
carried out at JPL was mainly devoted to geometric measurements, that is, co- 
alignment of the two channels and measurement of the relative radiometric response. 
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Furthermore, the instrument spatial response (measurement of the image quality 
through the instrument modulation transfer function and point spread function) was 
evaluated as part of the full functional tests performed at Officine Galileo prior to 
the calihration activity. 

VIMS-VIS was placed inside a vacuum chamber equipped with a thermally 
stabilized radiator connected to the CCD and capable of keeping the CCD at a 
temperature in the range —20 to 40 °C under a residual pressure < 10 mbar. The 
chamber has a window made of TVC, with transparency better than 0.9 throughout 
the entire spectral range. VIMS-VIS was mounted on two computer-controlled 
rotating tables for fine positioning at a range of azimuthal and elevation angles. 
Two lamps were used to cover the full spectral range: a xenon lamp for the range 
0.3-0.4 /xm, and a tungsten lamp between 0.4 and 1.035 /xm. The lamp with 
its housing, which includes a condenser and a diffusing screen to improve light 
uniformity, was positioned at the input slit of a Jobin-Yvon HR640 monochromator 
capable of better than 0.05 -nm resolution (band width at half height) over the VIMS- 
VIS spectral range. The monochromator output was then used to illuminate a slit, 
pinhole or test targets (corresponding to a specific type of test) placed at the focus 
of an off-axis collimator. The collimated beam was fed to the instrument inside 
the vacuum chamber. Unfortunately, the collimated beam had an unknown spectral 
irradiance; thus, we had to devise a method to measure it. This was achieved using 
a beam splitter of known optical properties, placed in the optical path at 45 ° in 
front of the chamber window. The reflected portion of the beam was collected by 
a calibrated photodiode to monitor the irradiance output of the light source. An 
additional calibrated photodiode was placed every 50 nm (or 50 monochromator 
steps) directly in front of the collimator to have direct calibration at the collimator 
aperture. 

Only one-sixth of the full VIMS-VIS FOV could be instantaneously illuminated 
with the available collimator, thus a time consuming procedure was implemented 
to repeat a full spectral sweep (0.3-1.05 /xm in 1 nm steps) to cover the field of 
view of the instrument. 

The radiometric calibration of VIMS-VIS was as follows. The unit response 
(UR) of the instrument is defined as the output in data numbers (DN) when the 
instrument entrance pupil is fed with a light beam of 1 W cm^^, and this beam is 
collected entirely into a single spectel and into a unit solid angle, for an integration 
time of 1 s. This quantity was directly measured along with its dependence on wave- 
length. The spectral calibration was performed in order to evaluate the spectrally 
weighted center of each channel as well as the spectral width. The spectral width of 
each spectel is 7.33 nm. For a detailed discussion on the calibration see Capaccioni 
et al. (1998). 

We note that the radiometric transfer function obtained at Officine Galileo during 
on ground calibration of VIMS-VIS when applied to the Moon and Venus illumi- 
nated side is insufficient to remove instrumental effects. Moreover two problems 
are apparent: a shift in wavelengths of about two nominal pixels and an inadequate 
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Figure 9. The VIMS-VIS field of view on the Moon during the flyby of August 18, 1999. Key: 1 Mare 
Crisium, 2 Mare Fecunditatis, 3 Mare Tranquillitatis, 4 Mare Serenitatis, 5 Langrenus, 6 Petavius, A 
Apollo 16 landing site. 



removal of instrumental effects, particularly at short wavelengths. So we measured 
a new unit response function using the Venus and Moon data in the following way. 

We use a telescopic reflectance spectrum (McCord and Adams, 1973) of the 
Apollo 16 landing site, which is a bright area in the highlands of the Moon’s 
surface where the alhedo is particularly high. 

At this point on the Moon the signal is given hy: 

CMoon(T*, A.) = Ruoonix*, A.) X SmoohCA) • UR(v*, A), (1) 



where Rmooh is the lunar spectral reflectance computed at a point v* in the lunar 
highlands (see Figure 9), Smooh is the solar radiance at the mean Moon-Sun distance 
(1 A.U.) and UR is the unknown transfer function at the point x*. Accordingly, the 
Unit Response transfer function is: 



UR(;C*, A) = 

R]V[oon(A) X SmooiiCA) 



( 2 ) 



This is the transfer function for the point on the Moon x* located in the slit 
center. 

In order to obtain a target-independent UR function we have to consider a flat 
field. Assuming the uniformity of Venus’ dayside atmosphere we define a fiat field 
using the ratio between the signal FVenus(T, A) at some point v in the frame and 
Cvenus(-^* = 32, A) in the center of the slit. 



[Cvenus(T, A)]jsjonn — 



Cvenus(T, A) 
f vermsix*, A) 



( 3 ) 
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The signal on Venus is given by an expression analogous to (1) for the Moon: 



f^VenusC-Ti 7.) — UR(x, A.) X R Venus(^) ^ *^Venus(^) (4) 

Fycnusix\X) = \JR{x\X)x R Venus(^) X iSvenusC^) ( 5 ) 



where S'venus is the solar radiance at the mean Venus-Sun distance (0.73 A.U.). 
Putting (4) and (5) into Equation (3) we obtain the normalized signal on Venus: 



[fAenus(.T, A.)] Norm 



UR(x, A) 
UR(x*, A) 



( 6 ) 



Using this result it is possible to define the UR as the product of the transfer 
function computed for the Moon at point x* (45, 33) and the transfer function 
normalized to the center x* of the VIMS -VIS slit on Venus: 



UR(x, A) — UR(x , A)]y[oon X [Evenus(.^! ^)]Norm 

Finally, we obtain the general UR: 

, UR(x,A) 

UR(X, A) = UR(X*, A)Moon X 



(7) 



( 8 ) 



Venus 



_UR(jcU A) 

Figure 10 shows the final UR transfer function for all the wavelengths: note that 
the UR is a function of the pixel position. The UR function permits conversion of 
DN to physical units. 



6.2.3. Conclusions 

Additional radiometric calibration improvements are expected as the Jupiter en- 
counter data are analyzed and compared with the ground calibration results (see 
McCord et al., 2004). During Cassini’s Saturn tour, there will be many measure- 
ments for a variety of objects that will help identify and allow removal of any 
remaining artifacts in the spectral radiometric calibration. Users of VIMS data 
should consult later papers by the investigation team, as well as the VIMS website, 
for the most current versions of the calibration of the instrument. 



6.3. Geometric Calibration 

For VIMS, the primary data product is, for each resolved pixel of a given target, 
the determination of both the pixel position and the full spectrum from 0.35 to 5. 1 
/xm. To build such spectral images, for each picture element of any given 64 x 
64 frame, the viewing direction of each of its 352 contiguous spectral elements 
(spectels) must be known. Thus, the prime goal of the geometric calibration of 
VIMS was to determine the relative viewing directions of all 96 VIMS-VIS and 
256 VIMS-IR spectels within the full VIMS field of view (FOV), in a frame to be 
referenced to the Cassini spacecraft. 

VIMS-VIS and VIMS-IR form images in two distinct ways. VIMS-VIS operates 
like a push-broom, acquiring an entire cross-track line simultaneously spread over 
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Figure 10. The computed UR transfer function. 



its spectral dimension (from 0.35 to 1.0 /xm) along the second dimension of its 
CCD detector. The second spatial dimension is acquired either using the spacecraft 
drift or the scanning of the VIMS-VIS telescope secondary mirror. VIMS-IR uses 
only a linear array detector, thus it acquires one pixel only spread over its spectral 
dimension (from 0.85 to 5.1 /xm). The cross-track spatial dimension is acquired hy 
scanning the telescope secondary mirror (whiskhroom mode), while the along track 
dimension is acquired (as for VIMS-VIS) using either spacecraft drift or scanning 
the IR telescope’s secondary mirror in the second dimension. With two distinct 
scanning mechanisms, telescopes, and spectrometers, the horesight alignment and 
the Instantaneous Fields Of View (IFOV) within the full FOV are not identical hy 
design, and, in principle, are wavelength dependent. The geometric calibration is 
thus intimately coupled to the determination of these spectral registration effects. 

Due to the late delivery of VIMS-VIS, the ground geometric calihration was 
performed in steps: the in-depth geometric calihration of VIMS-IR was performed 
first, prior to the integration with VIMS-VIS, followed hy the geometric calihration 
of VIMS-VIS after its integration. After integration, a large misalignment was 
observed, requiring a global mechanical realignment of both the IR and V channels 
(out of the calibration chamber), followed by a few final control measurements (back 
to the calibration chamber) prior to integration with the Cassini spacecraft. Some in- 
flight calibrations were performed to assess the actual geometrical characteristics of 
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both channels, when the instrument had reached its proper in-flight thermal regime, 
late during the cruise towards Jupiter. 

During the ground calibration, VIMS was mounted on a fixed platform, ther- 
mally controlled and under vacuum. A collimator and optical bench assembly was 
constructed outside of the thermal-vacuum chamber, and viewed through a large 
window. For the geometric calibration, we chose to image with VIMS, two types of 
targets, both mounted on an X-Y stage to allow coverage of the entire VIMS FOV. 
In the target projector plane, one VIMS pixel (0.5 mrad) corresponded to ~1 mm. 
To cover the entire VIMS FOV, the target was 64 mm in size, and the stage was 
moved by steps of 0.1 mm (1/10 VIMS pixel). The first type of target consisted 
of linear blades to measure potential spectral registration effects by analyzing for 
each spectel the pixel response while the blade was moved across the pixel. The 
other target placed in the projector focal plane consisted of an opaque metal plate 
with a grid of sub-pixel sized pinholes (0. 1 mm in diameter) evenly spaced, and 
back-illuminated by a tungsten lamp. The complete calibration data products are 
in the form of tables, one for each spectral channel, giving the viewing direction of 
each VIMS pixel. Below we summarize some of the main results. 

The IFOVs of both channels were accurately measured. Averaged over all wave- 
lengths within a given channel, IFOVir = 0.495 ± 0.003 mrad, and IFOVv ^/5 — 
0.506 ± 0.003 mrad. Although the differences appear small (~2%), they result in 
a misalignment of VIMS -VIS relative to VIMS-IR of more than one pixel over the 
64-pixel FOV. This imposes the need for a thorough geometric re-sampling of all 
image cubes larger than 32 pixels. Prior to launch, the last geometric measurement 
showed a boresight alignment between VIMS-VIS and VIMS-IR of better than 0.3 
pixels at all wavelengths. Images coincide independent of wavelength to within 
<0.5 pixel in frames up to 12 x 12 pixels. 

The first measurements in flight were performed using both channels to observe 
the Moon during the Cassini Earth-Moon fly-by (August 18, 1999). Those showed 
a boresight misalignment of VIMS-IR with respect to VIMS-VIS A{X, AT) = (— 1 
pixels, (4-2 pixels). Because the VIMS-IR was warmer than its proper operating 
temperature at the time of the Earth-Moon flyby, it was concluded that at least part 
of misalignment resulted from thermal gradients in the IR channel that would lessen 
as the Cassini spacecraft moved farther from the Sun and the IR channel cooled. 
A more recent calibration using the Pleiades cluster and the star Eomalhaut (late 
March, 2001) showed boresight offsets of {AX, AY) = (—1,0) pixels. The Pleiades 
observation (Eigure 11) demonstrates the misalignment variation within the EOV, 
showing the various stars in the visual (blue pixels, averaged over the first 30 VIS 
spectels) and the near IR (red pixels, averaged over the first 40 spectels). 

The ground calibration yielded the VIMS-IR EOV for most IR spectels, lead- 
ing to spectral geometric registration maps. Eor images up to 32 x 32 pixels, all 
spectral images coincide to better than 1/3 pixel. Earger discrepancies appear in 
the bottom right and top left corners of the frame, where spectral misalignments 
up to half a pixel are present. This is illustrated in Eigure 12, scaled in mrad, for 



150 



R.H. BROWN ET AL. 




Figure 11. VIMS image of the Pleiades, showing the stars in the VIMS- VIS (blue pixels) and the 
VIMS-IR (red). 

three IR wavelengths (spectels 103, 150 and 206, at 0.98 /xm, 1.75 /xm and 2.68 
/xm, in red, blue and green respectively), enlarging the four corners and the center 
of the FOV geometric spectral responses. Finally, the spectral registration effects 
measured for the IR spectels were demonstrated to be very low, as illustrated in 
the figure: the very high sensitivity of the measurements allows detection of effects 
at a scale smaller than 1/10 pixel. With this resolution, the larger effects we see 
between contiguous spectels actually amount to 1/10 pixel, and in fact result from 
atmospheric contributions during the calibration (variation of H 2 O and CO 2 fea- 
tures). The only large-scale effect present (black curve) has a very low frequency (at 
the scale of the entire spectral range), and likely results optical aberrations within 
the IR spectrometer. It is both smooth and small enough to minimize the risk of 
misinterpreting potential large optical contrasts in the observed scene in terms of 
false spectral signatures. 

6.4. Spectral Calibration 
6.4.1. Summary of Tests 

The goals of the spectral calibration of VIMS were to measure the spectral response 
of each VIMS spectral channel to determine the central wavelength and spectral 
profile of each detector, and its spectral stability as a function of temperature and 
spatial position within the field of view of the instrument. To achieve this, the tests 
included: (1) scanning a nearly monochromatic line (using a calibrated grating 
monochrometer) over the VIMS wavelength range to map the spectral profile of each 
VIMS detector, (2) transmission spectra of materials with sharp absorption bands, 
and (3) measuring reflectance spectra of minerals and other targets with VIMS. 

The monochrometer scans were useful for a single position in the full VIMS field 
of view because the relatively large field of view of the VIMS could not be covered 
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Figure 12. Spectral registration maps for five positions in the VIMS field of view. The position of 
each panel in the instrument focal plane can be seen from the coordinates in each square frame. The 
vertical and horizontal directions (relative to the upper left) correspond to the +Z and +X axes of the 
spacecraft coordinate system. 



with the narrow exit slit of the monochrometer, and small shifts in wavelength were 
observed in the monochrometer as a function of position along the slit. This results 
because a change in direction along the slit results in a slight change in the field 
position in VIMS that corresponds to an angular movement. Such changes require 
a change in the light path through the monochrometer with a corresponding change 
in the effective output wavelength of the monochrometer. Thus the monochrometer 
tests were done on-axis only. The monochrometer was typically scanned at 1 nm 
increments to map out the profile of each VIMS spectral bandpass. 
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SPECTRAL REGISTRATION 




Figure 13. Plot of the deviation (calculated versus actual) for the pointing direction (in the direction 
of the boresight) as a function of wavelength (shown as spectel, or channel number). As examples, in 
the direction of the boresight, the IFOV of spectel number 1 deviates by +0.006 pixel, while spectel 
number 115 deviates by —0.08 pixel. 



Calibrated transmission filters consisting of a mylar sheet displaying sharp ab- 
sorption bands in the 1-3.5 /xm region, with broader features at longer wavelengths, 
and Corning glass filters containing rare-earth elements which give sharp absorption 
features in the visual and near-infrared wavelength regions, and broader absorptions 
at longer wavelengths were used to cover the full VIMS field of view. Because of 
their uniformity and stability, the filters were used to determine the stability of the 
VIMS wavelength response as a function of spatial position, temperature, and time 
(because two tests were done over a period of about six months). 

To measure the response of VIMS to real targets with spectral features, a set of 
minerals and other materials were assembled into a spectral target and measured 
in reflectance. Because the calibration geometry was optimized for other tests, the 
setup for reflectance measurements was not ideal, so these tests were qualitative. The 
light source used to illuminate the samples was set up at relatively large angles to the 
normal to the surface of the highly scattering surface of the spectral target, but the ex- 
act viewing geometry was difficult to control. Furthermore, only samples mounted 
vertically could be measured, so it was not possible to measure the reflectance of 
unconstrained, loose particulate samples. Measurements were made of rocks and 
solid samples that typically had large grains, thus the absorption bands were deep 
and saturated, but the spectra of these rocks are quite identifiable with VIMS. 

The spectral calibration tests showed that VIMS is a remarkable instrument, 
producing spectra comparable in quality to specialized laboratory spectrometers. 
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The large spectral range of the VIMS includes the region of increasing thermal 
emission at room temperature A > 3/xm) making the light reflected from the sample 
difficult to separate from the background thermal emission. The spectral range of 
VIMS is greater than the spectral output any single convenient laboratory light 
source, so tests were often done multiple times with different light sources. 

6.4.2. Spectral Profiles 

The VIMS-IR spectral profiles are very close to Gaussian in shape, with small, 
Gaussian shaped side lobes (Figures 14a and 14b). The small side lobes are possibly 
caused by reflections in the order sorting filters. The side lobes are stronger on the 
short wavelength side at the short-wavelength end of the IR array, and are stronger 
on the long wavelength side on the long-wavelength end of the array. The side lobes 
are typically 2% or less of the strength of the central profile and can probably be 
ignored except for the most rigorous work. A set of spectral profiles for each spectral 
channel will be maintained on the Cassini VIMS team home page. Spectral profiles 
are somewhat distorted near the VIMS order-sorting filter gaps. These gaps occur 
at VlMS-lR channels 45-46, 128-129, and 183-183 (1.59, 2.96, and 3.86 /xm). At 
or near the filter gaps, the central portion of the spectral profile can be absorbed, 
leaving the main signal coming from the side lobes (Figure 15). Except for the side 
lobes, no out-of band signals were detected in the monochrometer scans. 

6.4.3. Cruise Spectral Calibration 

During cruise, high signal-to-noise spectra were obtained on the Moon, stars, 
Jupiter, and the Galilean satellites. Immediately apparent in these cruise data is 
that the wavelengths of V1MS-1R shifted after launch. A best fit that shows over- 
lap consistency between VIMS -VIS and VIMS-IR using deep absorption bands in 
the spectra of Jupiter shows a 1.3 channel (^^21 nm) shift in the IR wavelengths 
(Figure 16). The positions of absorption features in sub-pixel images of stars and 
the Galilean Satellites showed variability by up to 1/3 channel depending upon 
where the object was located in the slit. This adds difficulty in determining the 
wavelength calibration post launch to better than about 5 nm. Despite this diffi- 
culty, comparison with the Galileo NIMS data on the Galilean satellites confirms 
the 1.3 channel shift at the positions of the 4.25-/xm CO 2 feature and water-ice ab- 
sorptions seen in spectra of Ganymede and Callisto. Analysis of absorption features 
throughout the VIMS-IR spectral range shows that the shift is consistent across the 
entire wavelength range of VIMS-IR. Calibrations using stars and other objects 
will be performed frequently throughout cruise and the orbital tour. 

6.5. POLARIMETRIC CALIBRATION 

The VIMS instrument contains no specific polarimetric capability, such as filters 
or grids, but the design of the grating spectrometer makes it inevitable that the 
instrument’s response will be linearly polarized to some extent. The purpose of the 
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Figure 14. (a) VIMS-IR spectral profile at several wavelengths, (b) Enlargement of one profile to 
show the small side lobes. 
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Figure 15. Monochromatic spectral image profiles for VIMS-IR near the filter gaps, as noted in the 
text. 




Figure 16. Spectra of Jupiter with VIMS-VIS and VIMS-IR. The inset shows an enlargement of the 
region of spectral overlap. 



polarimetric calibrations was to characterize this sensitivity, so that its effect on 
the accuracy of spectra obtained for both polarized and non-polarized targets in 
the Saturnian system can be assessed. In general, spacecraft pointing constraints 
will determine the roll attitude of the optical remote sensing instruments during 
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targeted observations, leaving little opportunity for observations at multiple roll 
orientations. 

Measurements for tbe polarization cbaracterization of VIMS-IR were carried 
out in tbe 10-feet tbermal-vacuum tank in Building 144 at JPL, during January 17- 
20, 1996. A target projector was set up with a 26-mm diameter IR linear polarizing 
filter at tbe focal plane of a collimator. Tbe target was illuminated by tbe 1-incb 
output aperture of an integrating sphere, producing a polarized image of tbe exit 
aperture of tbe sphere at the VIMS focal plane. The polarizer consisted of a ZnSe 
substrate with a deposited aluminum pattern of parallel stripes, and its polarization 
efficiency is documenfed from 2.5 /xm fo beyond 10 /xm. The average single- 
polarizer throughput is 38%, while the maximum cross-polarized throughput over 
the 2.5- to 5.0-/xm range is 1.5%. No data on the filter transmission were available 
below 2.5 /xm. A calibrated tungsten source with a Teflon-coated sphere provided 
adequate SNR out to about 2.5 /xm, while a glowbar source with a gold integrating 
sphere provided adequate SNR at all wavelengths beyond 1.5 /xm. 

Measurements were made at five spafial positions of the source in the target 
plane, on boresight, and near the four corners of the VIMS field. For each source 
position, measurements were made at seven settings of the polarizer, at 30 ° intervals 
between (4-90° and —90°, followed by a sequence of background measurements 
with the shutter on the light source closed. Only VIMS-IR was available for these 
measurements. 

Three cubes per measurement were co-added and background-subtraction spec- 
tra were extracted both for a central spot in the image of the source and for a larger 
region which included the full output aperture of the sphere. This was accomplished 
at each orientation of the polarizer and for each source position. 

Figure 17 shows 3-D surface plots of the normalized spectra for both light 
sources, measured on the boresight. At each wavelength, the measured intensity at 
a particular polarizer angle was divided by the average over all seven positions. From 
this figure, and similar ones consfrucfed for ofher source posifions, if is apparenf 
fhaf fhe maximum signal invariably occurs af an orienfafion of eifher 0 ° (polarizer 
parallel fo fhe rulings on fhe grafing) or 90°, buf fhaf fhe sense and magnifude 
of fhe polarized response vary smoofhly wifh wavelengfh. We fhus calculafed fhe 
fraclional polarization of VIMS-IR from fhe expression: 



P(k, %) - 



2/(7., 0°) - /(A, -90°) - /(A, -490°) 
2/(A, 0°) -4 /(A, -90°) -4 /(A, -490°) 



X 100 



Figure 18 shows fhe polarizafion defermined from cenfral-spof and full-aperlure 
dafa from bofh sources, af fwo locafions in fhe VIMS FOV. The resulfs were found 
fo be fhe same fo wifhin 1 % or heller for all source positions and aperture sizes, 
and essenlially idenlical for bofh lungslen and glowbar sources in Iheir region of 
overlap (1.2-2. 5 /xm). 
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Figure 17. 3D surface plots of VIMS polarization measurements. 



In summary, the calibration data showed the following: 



1 . The maximum polarization sensitivity is either parallel to (positive) or perpen- 
dicular to (negative) the rulings on the diffraction grating. 

2. The polarization is positive for wavelengths of 1 . 1-2. 1 /xm, and beyond 2.4 /xm, 
but negative below 1 . 1 /xm. Between 2. 1 and 2.4 /xm the polarization is negligible 
(less than 1%). A peak in polarization occurs at 1.6 /xm (4-3%). Beyond 2.5 /xm, 
the polarization increases linearly with wavelength, reaching a maximum of 
about 11% at 5.0 /xm. 
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pos_1 , full aperture pos_3, full aperture 





Figure 18. Results of polarization measurements. 

3. Except for some artifacts at the segment boundaries of the blocking filter at 
1.6 and 3.9 /xm, the level of polarization is continuous, suggesting that the 
polarization is not related to the filter. 

4. The lack of a significant dependence of polarization on the particular light source 
used indicates that the origin of the polarization is not in the sources, although 
it could conceivably be in the window of the thermal-vacuum chamber. 

5. The lack of variation of polarization with target position suggests that the polar- 
ization does not arise from the VIMS scan mirror. 

These results suggest that the origin of the measured polarization is within the 
spectrometer, and most likely resides in the diffraction grating. Measurements of the 
ZnSe chamber window indicate no significant polarization, at least at wavelengths 
below 1.7 /xm. 

To assess the implications for spectral observations, consider a source with 
a fractional linear polarization f in a direction e with respect to the VIMS “zero 
angle”, as defined above. The parallel and perpendicular components of the incident 
intensity are then: 

/par = [0.5 -h / cos^ej/o and /perp = [0.5 -h / sin^0]/o 
The measured intensity of the source by VIMS is: 

7(0) = (1 + P)/par + (1 - E)/perp = [TO + / + P/ COS(20)]/o 
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The RMS fractional error in a single measurement of the intensity at an arbitrary 
orientation is: 

crjl) ^ Pf 
< I > V2(l + /) 

For the most severe case of P — 11% (Figure 18), the RMS error is <1% for/< 0.15, 
which prohahly includes any natural source polarization likely to he encountered. 
At wavelengths helow 3.3 /xm, the error will reach 1% only for/— 0.9, and is thus 
almost certainly negligible. 

6.6. Solar Port Calibration 
6.6.1. Ground Calibration 

The solar calibration port (henceforth “cal port”) was installed within the VIMS-IR 
telescope to provide a strongly attenuated spectrum of the Sun during the Cassini 
mission, which facilitates reduction of VIMS spectra to an accurate scale of absolute 
reflectance. The cal port axis is offset by 20 ° from the telescope boresight in the — Z 
direction, aligned with the UVIS solar occultation port. Attenuation of the incident 
solar beam by a factor of ~2.5 — 10^ is achieved by (i) the small aperture of the cal 
port, compared to the main beam and (ii) a series of one 70 ° and five 90 ° reflections 
from right-angle prisms made of ZnSe. Most of the incident flux is directed back 
through the entrance aperture by internal reflection in the prisms. The beam exiting 
the cal port is focused by the telescope optics onto the VlMS-IR entrance slit, 
and then enters the spectrometer in the same way. But because the cal port aperture 
samples only a portion (~0.3%) of the full instrument aperture, the collimated beam 
illuminates only a small part of the diffraction grating. The optical design ensures 
that this region overlaps the short- and medium-wavelength blaze regions on the 
grating, in the ratio 1:3. The cal port does not illuminate the long- wavelength blaze. 

The predicted throughput of the stack of prisms varies smoothly from 1.35 x 
10“'* at 0.85 /xm to 1.09 x 10“'* at 3.0 /xm and 1.04 x 10“'* at 5.0 /xm, for radiation 
linearly polarized in a plane perpendicular to the plane containing the incident and 
exit beams and to the rulings on the VIMS diffraction grating. The transmission of 
the orthogonal polarization is less than 1.0 x 10“^. The output spectrum of a target 
seen through the cal port differs from that produced by the same source seen on the 
instrument boresight. This arises through a combination of polarization and partial 
illumination of the grating. Partial illumination of the grating results in a different 
set of contributions from the different blazes than occurs when the grating is fully 
illuminated. The purpose of the cal port calibrations is to establish the ratio of the 
spectrum of an unpolarized broadband source as seen through the cal port to that 
of the same source on the instrument boresight. 

The simulated solar source used for the calibration runs was a high-power xenon 
lamp, illuminating a large, white, teflon-coated integrating sphere. The output of 
the sphere illuminated a 1-mrad diameter circular aperture in the focal plane of 
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the calibration projector (equal to the angular size of the sun at 9 AU), after a 90 ° 
reflection from an aluminum plate. One side of this plate was polished and oriented 
for specular reflection of the high-intensity beam onto the target for the cal port 
runs, while the other was sand-blasted to provide diffuse reflected illumination of 
the target for the boresight runs. 

All measurements were made on July 12, 1996, in the 10-feet thermal-vacuum 
chamber at JPL. Inside the tank, a deployable periscope-like arrangement with two 
aluminum mirrors was used to redirect the input beam into the cal port’s entrance 
aperture. The input signal to VIMS thus experienced identical atmospheric paths, 
with the same number of reflections, for both cal port and boresight runs. For each 
observation multiple 8x8 image cubes were taken, centered manually on the image 
of the target. Only VIMS-IR was available for these runs; VIS-VIS was calibrated 
separately at Officine Galileo. 

A total of 100 separate cal port image cubes were background subtracted and 
averaged in sets of ten, and all pixels co-added to produce spectra. Twenty boresight 
cubes were processed in identical fashion. Figure 19 shows the average boresight 
and solar port spectra, at the DN levels originally recorded. The resulting ratio 
spectrum is displayed in Figure 20, normalized to an average value of unity. Data 
for nine channels at the three filter segment boundaries have been interpolated in 
both plots. 

The ratio spectrum shows that the cal port sensitivity is relatively low shortward 
of VIMS-IR channel 50 (1.7 /r m), increases rapidly between channels 50 and 70 to 
a peak at channel 80 (2.2 /xm), and then declines smoothly at longer wavelengths. 
Oscillations near 2.7 and 4.3 /xm are due to imperfect cancellation of CO 2 absorption 
features in the raw spectra. The high-frequency structure beyond of 4.0 /xm is an 
artifact of the array readout. 

The decline in sensitivity of the cal port relative to the main aperture at longer 
wavelengths is attributable to the lack of illumination of the long-wavelength grating 
blaze, and to the increasing polarization sensitivity of the VIMS-IR beyond 3 /xm. 
The steep drop shortward of 2 /xm is, on the other hand, unexplained. Neither the 
ZnSe prisms nor the several aluminum reflections seem to be capable of causing 
this effect. Additional experiments showed no indication of a misalignment in the 
projector illumination pattern. Previous calibration runs on June 26, 1996, which 
did not use the external A1 plate, did not achieve sufficient SNR at the longer 
wavelengths. Nevertheless, these earlier results are not consistent with the final 
runs at short wavelengths, for reasons that are presently unknown. Thus, the cal 
port ratio spectrum in Figure 20 must be considered provisional, until in-flight 
experience is available. 

Viewed through the VIMS-IR cal port, images of a circular target are noticeably 
elongated. FWHM dimensions are ~2.0 pixels in X, but increase steadily from 2.8 
pixels in the Z direction at 1 /xm to 4. 1 pixels at 5 /xm. This may be compared with 
FWHM sizes for the boresight images of 1.5 x 2.2 pixels for the same target. The 
elongation of the solar port images is due to diffraction at the elongated rectangular 
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Figure 19. Average instrumental response through the boresight and solar port. 

VIMS IR solar port calibration data 




Figure 20. Ratio of response, solar calibration port (cal port) to boresight. 
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aperture of the cal port (30 mm x 5 mm). Image centroids are fairly stable, varying 
in X by at most 0.3 pixels and in Z by at most 0.2 pixels. Because of the variable size 
and slightly wavelength-dependent position of the solar image, it is recommended 
that solar cal port images be co-added over at least an 8 x 8 pixel region in order 
to obtain a stable, well-defined spectrum. In-flight observations show that the solar 
calibration ports in VIMS-VIS and VIMS-IR are co-aligned to within 1 pixel, but 
offset by 10 mrad from the nominal pointing. This is well within the capability of the 
VIMS scan mirrors to correct, and will thus permit simultaneous solar occultation 
measurements with the UVIS instrument. 

6.6.2. Results from Earth-Moon Flyby 

Due to the large attenuation factors incorporated in the design of the VIMS-VIS 
and VIMS-IR solar calibration ports, the only targets suitable for calibration ob- 
servations after launch were Venus and the Moon. Prior to the Earth-Moon flyby 
and the deployment of the VIMS-IR covers, only the VIMS-VIS was operational. 
Although a short series of observations of Venus through the VIMS-VIS solar port 
was attempted during the V2 flyby on 24 June 1999, a software error prevented 
their successful execution. It appears, however, that light from Venus inadvertently 
entered the solar port during pre-encounter background calibration frames. 

Approximately 95 min after Earth’s close approach on 18 August 1999, the 
crescent Moon passed through the field of view of the VIMS solar port. Because 
full pointing control of the spacecraft was not possible at this time, actual data 
collection was limited to the period of ~5 min. during which the Moon crossed the 
VIMS look direction. The observations were made in image mode, with the slits 
oriented perpendicular to the direction of the Moon’s apparent motion across the 
focal plane (at 1.32 mrad/min), and with a VIS integration time of 20/sline and an 
IR integration time of 320 ms/pixel. A total of four full 64 x 64 pixel image cubes 
were obtained over a period of 9 1 min, centered on the predicted observation time. 
Because the VIMS slow-scan direction is towards Z, and the Moon was drifting 
towards — Z, the Moon was expected to cross the spectrometer entrance slits in 2.8 
min., with the lit crescent visible for perhaps one min. 

The VIMS-VIS solar calibration port did indeed apparently detect the Moon in 
two successive 20 s. integrations acquired at approx. 5:13 UT, at an average signal 
level of 22 ± 4 DN above the local sky background. At a distance of 460,000 km, 
the lunar diameter subtended 7.6 mrad, or 15 VIMS pixels, and the lit crescent 
completely filled the width of the 0.5 mrad entrance slit. Nevertheless, the design 
of the cal port prism diffuses the light uniformly along the slit, so no actual image 
was obtained. Eigure 2 1 shows the resulting spectrum, averaged over all 64 spatial 
pixels along the slit and over both integrations. Plotted with the solar port spectrum 
is a spectrum of the bright lunar limb acquired by VIMS-VIS through its main 
aperture, suitably scaled. Although the illumination direction is the same for both 
spectra, it should be noted that the cal port observations were obtained at a phase 
angle of 110°, whereas the boresight spectrum was obtained at 90 °. 
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Moon in VIMS-V solar cal port 





The lower panel of Figure 2 1 shows that the ratio of lunar spectra obtained 
through the cal port and on horesight varies relatively smoothly with wavelength 
(within the SNR limitations of the data), and is highest in the UV. A rough estimate 
of the overall average attenuation hy the VIMS-VIS cal port, taking into account 
the different integration times and instrument gain states, is. 
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at an effective wavelength of ~650 nm. Unfortunately, all of the IR data were 
saturated because both the detector array and the entire spectrometer were too 
warm. 

Although the data obtained at the Moon are of insufficient SNR to use for 
calibration purposes, they are valuable in (i) demonstrating the functionality of the 
VlMS-VlS cal port, (ii) confirming the validity of the ground calibration data in, 
and (iii) providing a basis for estimating solar exposure times at Saturn. 
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VIMS-V straylight at Venus 




6.7. Scattered Light Measurements for the Visual Channel 

The Venus 2 flyby on June 24, 1999 provided an excellent opportunity for measure- 
ments of scattered light from a very bright off-axis source. Twenty seven integrations 
were executed by VIMS-VIS shortly after Venus close-approach, and immediately 
after the VIMS boresight moved off the bright limb of the planet onto dark sky. 
Operating in line mode with an integration time of 20 s, these observations spanned 
the period 20:32:29-20:42 UT and commenced with the VIMS boresight pointed 
4.9 ° away from the nearest point on Venus’ limb. 

Data from the first three integrations, within 10° of the limb, are saturated 
in all 96 spectral channels and all 64 spatial pixels along the slit. Subsequent 
integrations show scattered light rapidly declining, as shown in Figure 22, until the 
sky background level was reached at around 20:39 UT. The signal had fallen by 
a factor of 10 by 20:35, when the VIMS boresight was pointed 23.2 ° off the limb. 

Throughout the scattered light observations, the recorded spectrum remained 
essentially unchanged except for the absolute level, as shown in Figure 23. This 
spectrum, however, is virtually flat and does not show the characteristic spectral 
response of VIMS-VIS to broadband solar radiation, such as was observed at Venus 
and the Moon. The feature at channel 34 (~600 nm) is due to partial obscuration 
of the focal plane array at the segment boundary between the short- and long- 
wavelength blocking filters. 

Further analysis strongly suggests that the measured signal is due to off-axis 
light from Venus which entered the entrance slit of the spectrometer enclosure 
directly (passing just above the fold mirror M2), without reflecting off the scanning 
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VIMS-V straylight at Venus 
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Figure 24. VIMS-VIS spectrum of the night side of Venus, compared to a synthetic spectrum (nor- 
malized at 1.01 /rm). From Baines era/., 2000. 

mirror, and then was reflected by mirror M3 and the collimator directly to the 
FPA, bypassing the diffraction grating. At the time of the observations, Venus’ disk 
subtended a radius of 55-59 °, and the nearest point on the limb was located within a 
few degrees of the +Z direction from the VIMS boresight. 3-D ray-tracing indicates 
that undispersed scattered light may reach the FPA from an off-axis direction of 
~17° towards +Z and ±10° in A, a location which would have fallen on the 
illuminated disk of Venus over a period which matches that of the observed signal 
in Figure 22. 
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A series of similar observations were made just as the VIMS boresight crossed 
the opposite limb of Venus to probe the planet’s night side spectrum. These spectra, 
obtained when the illuminated disk of Venus was located between — Z and +X, 
relative to the boresight, and with the terminator 10-15 ° off axis, show no evidence 
of a significant component of scattered light similar to that in Figure 23. 

Although very evident in long integrations, the level of scattered light is in 
fact fairly modest: at 13° from Venus’ limb, and accounting for integration time 
and instrument gain, the measured signal was ~0. 1 % of the average flux received 
directly from Venus. Similar situations are likely to be encountered during some 
Titan flybys, and perhaps for Saturn observations near periapse, and may warrant 
corrections for scattered light. 

6.8. Venus Surface and Atmosphere 

The power of VIMS to make new discoveries was amply demonstrated by the very 
first planetary spectrum acquired by the instrument (Baines et ai, 2000). On June 
24, 1999, during the Cassini flyby of Venus, the visual channel obtained a single 
long-duration (10 s) exposure of the planet’s night side. This observation was cen- 
tered near 20 °N. latitude and 60 °E. longitude, and for the first time quantitatively 
measured Venusian surface emissions at sub-micrometer wavelengths. As shown in 
Figure 24, the emission profiles of fwo specfral fealures predicfed by Lecacheux et 
al. (1993) afO.85 and 0.90 /xm were measured. As wifh other surface emissions pre- 
viously observed near 1.01, 1.10, and 1.18 /xm by ground-based observers and the 
near-infrared mapping spectrometer (NIMS) onboard the Galileo spacecraft (e.g. 
Carlson pt a/., 1991, 1993a,b; Crisp ct a/., 1991; Lecacheux etal., 1993;Meadows 
and Crisp, 1996), these features are located in spectral windows devoid of atmo- 
spheric absorption through which radiation emitted from the hot (~740 K) surface 
passes through the ~90 bars of C02-laden atmosphere into space. This spectrum 
is the first detection of the 0.90-/xm feature. The shorter wavelength feature at 0.85 
/xm was provisionally detected in a single wavelength channel just above the detec- 
tion limit by Galileo NIMS (Carlson et al., 1991). In contrast, the VIMS spectral 
profile of fhis fealure spans a wide range of wavelengfh al high signal-lo-noise. 

Adding lo Ihe previous work of NIMS and groundbased observers, VIMS Ihus 
demonslraled lhal Ihe surface of Venus could be observed in five dislincl windows 
belween 0.85 and 1.18 /xm. As shown by Baines et al. (2000), compositional 
maps of Ihe surface of Venus may be oblainable from fulure spacecrafl lhal lake 
advanlage of fhis novel technique lo observe Ihe glowing surface of Venus under 
nighllime conditions. Fulure observations should lake simullaneous measuremenls 
of Ihe flux generated al several purely non-gas-absorbing almospheric wavelenglhs 
(e.g. 1.28, 1.74, 2.29 /xm) as well as wilhin Ihe five surface-delecting windows, 
so lhal Ihe surface speclrum can be corrected for Ihe highly-spalially-variable 
extinction due lo overlying clouds. As previously demonslraled (e.g. Carlson et al., 
1993a,b), due lo Ihe spherical shape and non-absorbing nalure of Venus’s sulfuric 
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acid cloud particles, the wavelength-dependent extinction of Venus aerosols can 
he estimated over a large wavelength range from observations made at relatively 
long wavelengths (NIMS successfully used 1.73 and 2.4 /xm fluxes to determine 
cloud extinction at 1.18 /xm). In the case of VIMS, observations longward of 1.05 
/xm were unobtainable since the optics cover of VIMS-IR had not been opened as 
of the Venus encounter, as noted above. Thus, while the relative shape of various 
surface emission features could be observed by VIMS-VIS, absolute surface 
fluxes could not be determined. Nevertheless, the distinct advantage VIMS has 
over previous spectral instruments to the outer planets — in particular, its ability 
to simultaneously acquire all wavelengths of a spectrum, and its ability to take 
long exposures (e.g. 10 s here as opposed to enabled VIMS at Venus to make new 
discoveries with its very first observation, and portends well the making of new 
discoveries at the mission’s major target, the Saturn system. 

7. Conclusions 

All indications to the writing of this document are that the VIMS instrument in flight 
has met or exceeded all of its preflight specifications. Measurements have been, and 
will continue to be, made of the instrument’s performance throughout the roughly 
6.5 years of Cassini’s cruise to Saturn in preparation for the orbital tour. There is 
every reason to expect VIMS performance will meet or exceed expectations during 
the Saturn orbital tour, and that the science results produced from VIMS data will be 
both rich and exciting. It is indeed a privilege for all of the authors of this document 
to have participated in the VIMS adventure thus far, and we look forward to the 
exciting discoveries yet to be made at Saturn. 
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Abstract. The Composite Infrared Spectrometer (CIRS) is a remote-sensing Fourier Transform Spec- 
trometer (FTS) on the Cassini orbiter that measures thermal radiation over two decades in wavenumber, 
from 10 to 1400 cm“' (1 mm to7/rm), with a spectral resolution that can be set from 0.5 to 15.5 cm“'. 
The far infrared portion of the spectrum (10-600 cm“') is measured with a polarizing interferometer 
having thermopile detectors with a common 4-mrad field of view (FOV). The middle infrared portion 
is measured with a traditional Michelson interferometer having two focal planes (600-1100 cm~', 
1 100-1400 cm“'). Each focal plane is composed ofa 1 x 10 array of HgCdTe detectors, each detector 
having a 0.3-mrad FOV. CIRS observations will provide three-dimensional maps of temperature, gas 
composition, and aerosols/condensates of the atmospheres of Titan and Saturn with good vertical and 
horizontal resolution, from deep in their tropospheres to high in their mesospheres. CIRS’s ability 
to observe atmospheres in the limb-viewing mode (in addition to nadir) offers the opportunity to 
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provide accurate and highly resolved vertical profiles of these atmospheric variables. The ability to 
observe with high-spectral resolution should facilitate the identification of new constituents. CIRS 
will also map the thermal and compositional properties of the surfaces of Saturn’s icy satellites. It will 
similarly map Saturn’s rings, characterizing their dynamical and spatial structure and constraining 
theories of their formation and evolution. The combination of broad spectral range, programmable 
spectral resolution, the small detector fields of view, and an orbiting spacecraft platform will allow 
CIRS to observe the Saturnian system in the thermal infrared at a level of detail not previously 
achieved. 

Keywords; Infrared spectroscopy, Saturn, Titan, Saturn’s rings, Saturn’s moons, atmospheric tem- 
peratures, atmospheric composition, atmospheric dynamics, Cassini 



1. Introduction 

The Saturn system offers a rich variety of objects for exploration and study at 
infrared wavelengths. The atmospheres of Saturn and Titan, the surfaces of Titan and 
the icy satellites, and the rings, each pose unique challenges for a single instrument. 
In the wake of the highly successful Galileo mission to Jupiter, an important goal 
is to acquire a set of data at Saturn that will allow detailed comparisons between 
these two giants, providing insights that will sharpen our general ideas about the 
formation of planetary systems. 

What are the key differences between the atmospheres of Jupiter and Saturn, 
and what accounts for them? Why does Titan, unlike all other planetary satel- 
lites, have such a thick atmosphere? How is the chemistry that occurs on it to- 
day related to prebiological chemical evolution on the early Earth? What gov- 
erns the weather on this slowly rotating satellite, and how does it compare to that 
driving the circulations of Earth’s and Venus’ atmospheres? What relations ex- 
ist among the various icy satellites and the rings and why is this satellite system 
so very different from Jupiter’s? These are a few of the questions we hope to 
answer. 

The Saturn system is well suited for exploration in the infrared. Saturn, its rings, 
and its satellites radiate most of their energy at mid- and far-infrared wavelengths, 
because their radiating temperatures are relatively cold: in the range 55-200 K. 
Most molecules have lines or bands of lines in this spectral region, arising from 
rotational or vibrational-rotational transitions. A spectrometer covering these wave- 
lengths serves as a remote-sensing thermometer and assayer, allowing one to map 
temperatures and composition spatially and temporally. How well it can exploit 
this spectral region depends on its configuration and sensitivity, but key figures of 
merit include: high spectral resolution, to permit identification of trace constituents, 
including isotopic variants; broad spectral coverage, to encompass a large variation 
in the opacity of the target, whether it be an atmosphere, surface, or ring material; 
detectors having a small field of view (EOV) projected onto the sky; and close prox- 
imity to the target, as afforded by an orbiting spacecraft to provide a variety of ge- 
ometric observing opportunities, including a broad range of phase-angle coverage. 
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The Composite Infrared Spectrometer (CIRS) is an infrared Fourier Transform 
Spectrometer (FTS) on the Cassini orhiter which measures thermal radiation over 
more than two decades in wavenumber (v) from 10 to 1400 cm“^ (1 mm to 7 /xm). 
CIRS will measure thermal emission from the Saturn system with a spectral res- 
olution that can he selected over the range from 0.5 to 15.5 cm^*. It will map the 
atmospheres of Saturn and its largest moon Titan temporally and spatially in three 
dimensions, including limh sounding, which will achieve a vertical resolution of 
one scale height or better. In addition, CIRS will map the thermal characteristics 
and composition of the other icy satellites and Saturn’s rings. 

The plan of this paper is as follows: Section 2 provides a brief overview of the 
instrument capabilities and its modes of operation. Section 3 discusses the science 
objectives of the CIR’ S investigation, in context of the current knowledge of Saturn, 
Titan, the other satellites, and the rings. We discuss how CIRS’s unique capabilities 
can help address many of the important questions concerning these bodies. Section 
4 describes in more detail the observations CIRS will make during the Saturn tour. 
The instrument itself is described in Section 5. Appendices describe the retrieval 
of atmospheric variables from infrared spectra, the spatial response across the far- 
infrared FOV of CIRS, and the equations used in calibrating the infrared spectra. 

CIRS acquired data during the Jupiter swingby from October, 2000, to March, 
2001, which resulted in approximately 600,000 calibrated spectra. Jupiter results 
are not discussed here, except in the context of Saturn system science. Instead, 
we refer the reader to the Jupiter results reported elsewhere by Flasar et al. (2004), 
Kunde etaZ. (2004), Wong etaZ. (2004), Abbas etal. (2004),FouchetetaZ. (2004a,b) 
and Irwin et al. (2004). 



2. Instrument Overview 

The CIRS instrument consists of two interferometers, sharing a common telescope 
and scan mechanism. They operate in the far- infrared (10-600 cm“^) and mid- 
infrared (600-1400 cm“^) with a commandable apodized' spectral resolution as 
high as 0.5 cm^*. Table I summarizes the instrument properties. The far-IR in- 
terferometer is a polarization interferometer, with a focal plane consisting of two 
thermopile detectors with a 3.9-mrad FOV, labeled FPL The mid-IR interferometer 
is a conventional Michelson interferometer with two focal plane arrays (FP3, FP4), 
each having 10 HgCdTe detectors, with 0.273-mrad FOV per pixel. 

Tnterferograms extend only over a finite distance, with maximum mirror displacement Smax- The 
reconstructed spectrum, obtained via Fourier transforms, will consist of the true spectrum convolved 
with sin(27T v5n,ax)/27T v^max, which produces a “ringing” in the vicinity of strong narrow features. To 
avoid this, the interferogram is “tapered” by multiplying it by a quasi-triangular apodization function, 
so that displacement amplitudes are attenuated away from the 5 = 0 central fringe. See, e.g., Hanel 
et al. (2003) for more discussion. A well-chosen apodization reduces the ringing considerably, but 
degrades the spectral resolution. In searching for weak features away from strong lines, it is often 
desirable to use unapodized spectra to maximize the contrast of the weak features. The search for HD 
rotational lines (see Section 3.1.1 and Figure 6) is one example of this. 
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TABLE I 

CIRS instrument characteristics. 



Telescope diameter (cm) 


50.8 






Interferometers 


Far-IR 


Mid-IR 




Type 


Polarizing 


Michelson 




Spectral range (cm“*) 


10—600 


600-1400 




Spectral range (/rm) 


17—1000 


7-17 




Spectral resolution (cm~ ' ) 


0.5-15.5 


0.5-15.5 




Integration time (s) 


2-50 


2-50 




Focal planes 


FPl 


FP3 


FP4 


Spectral range (cm“*) 


10—600 


600-1100 


1100-1400 


Detectors 


Thermopile 


PC HgCdTe 


PV HgCdTe 


Pixels 


2“ 


1 X 10 


1 X 10 


Pixel FOV (mrad) 


3.9 


0.273 


0.273 


PeakD* (cmHzF2 W“') 


4 X 10“^ 


2 X 10^“ 


5 X 10" 


Data telemetry rate (kbs) 




2 and 4 




Instrument temperature (K) 
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Focal planes 3 and 4 Temperature (K) 


75—90 





^Single FOV, two polarizations. 



Figure 1 depicts the CIRS FOVs as projected onto the sky. The instrument is 
described in more detail in Section 5. 

CIRS derives much of its heritage from the Voyager Infrared Interferom- 
eter Spectrometer (IRIS: see Hanel et al, 1980), hut it has several important 
improvements: 

(I) Extended far-infrared coverage: The CIRS coverage between 10 and 180 
cm“^ was not accessible to IRIS. This will extend the vertical range of 
temperature sounding to include the upper troposphere of Titan and lower 
stratospheres of Saturn and Titan. It will also increase the chances of detecting 
previously undiscovered organic molecules. The enhanced spectral coverage 
will provide the ability to probe Saturn’s ring particles in the poorly studied 
submillimeter region, where opacity decreases rapidly with increasing 
wavelength, and it will permit the thermal sounding of the first centimeter of 
the regoliths of the icy satellites. 

(II) Higher spectral resolution: The maximum CIRS resolution of 0.5 cm“* 
(apodized) is an order of magnitude higher than that of IRIS (4.3 cm“^). This 
will increase the opportunity to detect new trace constituents including their 
isotopic variants, and will permit the improved retrieval of temperature and 
gas profiles by virtue of both the narrower contribution functions and of the 
higher altitudes probed. 
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CIRS Focal Plane Locations 




Figure 1. CIRS fields of view projected on the sky. FPl is the far-IR focal plane. FP3 and FP4 are 
the mid-IR focal planes. The relative positions of the CIRS focal planes on the spacecraft have been 
determined by scans across a distant Jupiter and infrared stars (Section 5.2.2). The spacecraft -Y 
axis is at (X, Z) = (0, 0). The boresight of the Cassini imaging science (ISS) Narrow Angle Camera 
(NAC) is approximately at X = 0.58 mrad, Z = —0.17 mrad. The mid-IR arrays are linear. The 
slight “wobble” is just the best fit to the scan data for each pixel. The full length of each array is 
2.876 mrad. 



(III) Improved sensitivity: The CIRS sensitivity is much better than Voyager IRIS 
in the 600-1400 cm“' region, through the use of passively cooled HgCdTe 
detectors, instead of a thermopile. This allows the smaller 0.27 x 0.27 mrad 
FOV’s to he used, giving higher spatial resolution. 

(IV) Limb-viewing capability: The arrays and smaller detectors in the 600-1400 
cm“^ region permit limb sounding of both Saturn’s and Titan’s stratosphere 
and mesosphere with an altitude resolution better than one scale height, an im- 
provement of 2-3 over the Voyager IRIS nadir soundings. In addition, the long 
absorber paths viewed against a cold space background greatly enhance sensi- 
tivity to minor constituents. Close passages of Titan will repeatedly allow limb 
sounding of that body at far infrared wavelengths with the larger 3 .9-mrad FP 1 
FOV 

(V) Orbiting platform: The Cassini spacecraft has an inherent advantage, in 
that it will orbit within the Saturn system for several years, while each of 
the Voyager spacecraft flew through only once. Hence CIRS will have the 
opportunity for global and seasonal mapping with spatial detail that was 
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Figure 2. Schematic illustrating limb and nadir modes of observation. 



simply not possible with IRIS. In addition, CIRS will be able to make refined 
investigations of newly discovered phenomena. 

Figure 2 illustrates the nadir and limb-viewing modes CIRS will employ. The 
viewing mode and spectral resolution are dictated by the scientific objectives. The 
principal modes of observation of Saturn and Titan are: 



(1) Nadir viewing, complete spectral range, full spectral resolution (0.5 cm~^). 
Objectives: gas composition, isotopic ratios, general exploration. 

(2) Nadir viewing, complete spectral range, reduced spectral resolution 

(3, 15.5 cm~^). Objectives: maps of temperature, more abundant gas species, 
and aerosols. 

(3) Limbviewing, complete spectral range, full spectral resolution (0.5 cm~^). Ob- 
jectives: Vertical profiles of trace constituents, identifications of new species, 
distinguishing vapor from condensed phases. 

(4) Limb viewing, complete spectral range, reduced spectral resolution 

(3, 15.5 cm“*). Objectives: Vertical profiles of temperature, aerosols, and 

more abundant gases to high altitudes (0.01 mbar). 

For the satellites and rings, the primary observational modes are: 

(5) Nadir viewing, complete spectral range, reduced spectral resolution 

(3.0 cm~^), stare. Objectives: composition. 

(6) Nadir viewing, FPl, low spectral resolution (15.5 cm~^),full disk, stare. Ob- 
jectives: disk temperatures for phase (“diurnal”) coverage; eclipse measure- 
ments to determine thermal inertia. 

(7) Mapping of icy satellites at low spectral resolution (15.5 cm~^). Ohjectives: 
composition; thermal probing of regolith to search for solid state greenhouse 
effects (FPl); thermal anomalies; high spatial resolution surface-temperature 
mapping and eclipse heating and cooling to determine the thermal inertia 
(FP3, FP4). 
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(8) Ring radial scans, complete spectral range, reduced spectral resolution (3 
cm~^ and 15.5 cm~^). Objectives: Radial profiles of composition, temperature 
and opacity. 

(9) Ring circumferential scans, complete spectral range, reduced spectral 
resolution {15.5 cm^^). Objectives: Eclipse beating and cooling curves to 
obtain ring particle thermal inertia and rotation rate. 

(10) Long integrations on rings, full and reduced spectral resolution {0.5 cm^^and 
3.0 cm^^). Objectives: composition of non-icy component of ring material, 
IR phase function, interior structure. 

3. Scientific Background and Objectives 

3.1. Saturn 

Saturn is like the Sun, in that it is composed primarily of hydrogen and helium. 
However, its mass - like Jupiter’s - is too small for its gravitational field fo produce 
fhe high pressures and temperafures required for nuclear burning in its interior. 
Instead, it radiates thermal energy from its degenerate fluid interior, which was 
created during an earlier Kelvin contraction phase, and by gravitational separation 
of partially immiscible helium-rich and hydrogen-rich phases (see, e.g., Hubbard, 
1980). Not long ago, the common perception was that the giant planets were formed 
directly from the gaseous material of the primitive solar nebula. The planets were 
massive enough to prevent the escape of any element, and hence the atmospheres 
should reflect solar composition. After hydrogen and helium, compounds of carbon, 
nitrogen, and oxygen should be the most abundant. Although, in a general sense, this 
model is correct, it does not hold up at the detailed level, reflecting a more complex 
scenario of planetary formation and evolution than originally envisioned (see, e.g., 
Gautier and Owen, 1989, for a review). The atmosphere of Saturn may be depleted 
in helium, because of the immiscibility and differentiation mentioned above that is 
occurring in its interior during the current epoch (see, e.g., Fortney and Hubbard, 
2003). The relative abundances of carbon and nitrogen are above solar values by 
factors of two to four, suggesting that Saturn formed heterogeneously from the sur- 
rounding nebula (see, e.g.. Pollack et al, 1996). In the final phase of formalion the 
hydrogen and planetesimals contained in the feeding zone of the planet (within the 
Hill radius) collapsed simultaneously, so that the resulting gaseous envelope was en- 
riched in heavy elements (Magni and Coradini, 2003). Sulfur may also be enriched 
on Saturn by a factor of ~10x solar (Briggs and Sacket, 1989), if the apparent de- 
pletion of NH3 in the upper troposphere is caused by the formation of dense NH4SH 
clouds. These enrichments in heavy elements constrain the theories of the formation 
of Saturn, as well as the composition of grains embedded in the solar nebula. 

Figure 3 depicts synthetic spectra of Saturn at low latitudes over the full CIRS 
spectral range at several resolutions; major spectral features are indicated. Observed 
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Figure 3. Synthetic spectrum of Saturn’s equatorial atmosphere at three (apodized) resolutions. For 
ease of viewing the entire CIRS spectral range, brightness temperatures are depicted. The brightness 
temperatures of the lower-resolution spectra are offset vertically as indicated. The boundaries of the 
three focal planes (FPl, FP3, FP4) are shown at the bottom. At wavenumbers less than 670 cm“^ 
the spectrum is dominated by tropospheric absorption. The broad spectral features are from pressure- 
induced absorption from the S(0) and S(l) lines of Fl 2 , labeled in the figure, and from the translational 
continuum of FI 2 at lower wavenumbers. Superposed on this at wavenumbers less than 220 cm“^ 
is absorption primarily from NFl 3 and PFI 3 . PFI 3 also appears in absorption between 900 and 1200 
cm“*. Spectral features attributable to C 2 H 2 , C 2 H 6 , and CH 4 appear in emission, relative to the 
background continuum, because their line-formation regions are in the stratosphere. The spectral 
regions associated with pressure-induced FI 2 absorption and CFI 4 emission serve as the thermometers 
used to retrieve vertical profiles of atmospheric temperature. 

spectra such as these will form the basis for addressing several of the scientific issues 
just raised. 

Table II summarizes the scientific objectives of the CIRS investigation of Saturn. 
The first column lists major scientific objectives for Saturn, and the second column 
lists the physical variables that CIRS can retrieve to address those objectives. The 
last column lists the relevant measurement sequences, which are treated more fully 
in Section 4.2. 

3.1.1. Formation, Evolution, and Internal Structure 

CIRS spectra will contribute to this area in several ways. The first is through a better 
determination of the abundances of He, C, N, and S in Saturn’s atmosphere. 
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TABLE II 

Saturn science and measurement objectives and observations. 



Science objective 


CIRS categories: Retrieved 
physical parameters 


Observations 


Foiniation, evolution, and internal structure 




Elemental abundances 


He 


Nadir occultation point, far-IR maps 




CH4, NH3, H2S 


Comp integrations, far- and mid-IR nadir 


Isotopic abundances 


HD, CH3D, ‘^NHj, '^CH4 


maps, regional nadir maps, limb 
integrations, limb maps 


Internal heat 


Temperatures 


Fai'- and mid-IR nadir maps, regional 


Atmospheric gas composition 


nadir maps, feature tracks 


Disequilibrium 


PH3, HCP, halides, stratospheric 


Comp integrations, limb integrations. 


species 


hydrocai‘bons, new molecules 


limb maps, feature tracks 




Ortho/pai*a ratio 


Fai'-IR nadir maps, regional nadir maps 


Condensible gases 


NHj, H2S 


Comp integrations, far-IR and mid-IR 


External sources (e.g., 


Oxygen species: stratospheric 


nadir maps, feature tracks 
Comp integrations, fai'-IR nadir maps. 


rings) 


H2O, CO2, CO 


regional nadir maps 


Clouds/aerosols 


Composition 


NH3, NH4SH,. . . 


Fai'- and mid-IR nadir maps, regional 


Microphysical 


Aerosol/cloud properties 


nadir maps, limb maps 


properties 
Auroral hot spots 


Spatial and temporal 


Temperature and composition 


Feature tracks, limb maps, limb 


distribution 


gradients 


integrations, far- and mid-IR nadir 


Spectral properties 


New species 


maps, regional nadir maps, comp 
integrations 

Feature tracks, limb integrations, comp 






integrations 


Atmospheric structure 


Temperature, pressure. 


Temperature field 


Far- and mid-IR nadir maps, regional 


density 




nadir maps, limb maps 


Circulation 


Zonal jets 


Thermal winds 


Far- and mid-IR nadir maps, regional 


Meridional motion 


Constituent tracers 


nadir maps, limb maps 
Comp integrations, far- and mid-IR nadir 




Aerosols/diabatic heating and 


maps, limb integrations 
Fai'- and mid-IR nadir maps, limb maps 




cooling 

Potential vorticity (temperature 


Fai'- and mid-IR nadir maps, regional 




field) 


nadir maps, limb maps, feature tracks 


Waves and vortices 


Temperature and comp fields 


Far- and mid-IR nadir maps, regional 


Convection 


Temperature variance 


nadir maps, limb maps 
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Helium. Voyager spacecraft measurements have been used to determine the He 
abundance on all four giant planets, but recent Galileo probe measurements have 
raised some questions concerning these results. The primary technique employed 
with the Voyager measurements uses data from both IRIS and the radio occultation 
(RSS) experiments. If a particular atmospheric composition is assumed, then the 
atmospheric mean molecular mass and mean microwave refractivity coefficient can 
be specified, and a profile of temperature versus pressure can be obtained from the 
RSS measurements. A theoretical thermal emission spectrum, calculated from a 
radiative transfer code using this profile, is then compared with spectra measured 
by IRIS near the occultation point on the planet. The atmospheric composition is 
adjusted until the theoretical and measured spectra are brought into agreement. This 
technique yielded a He mass fraction of 0. 1 8 ± 0.04 for Jupiter and the remarkably 
low value of 0.06 ± 0.05 for Saturn (Gautier et al, 1981; Conrath et al, 1984). 
Recently, the helium abundance detector (HAD) on the Galileo probe into Jupiter 
obtained results equivalent to a He mass fraction of 0.238 ± 0.007 (von Zahn and 
Hunten, 1996), and the probe mass spectrometer measurements were identical to 
this value (Niemann et al, 1996). Although the l-a error bars associated with the 
Voyager and Galileo results are relatively near one another, close examination of 
the results suggests the possibility of systematic errors in the Voyager determina- 
tion. When the Galileo value of the Jovian He abundance is used to calculate a 
temperature profile from the Voyager RSS results, the theoretical thermal emission 
spectrum calculated from that profile is abouf 2 K warmer in brighfness temperature 
than the measured IRIS spectra throughout the entire spectral region 300-800 cm“* 
(Conrath and Gautier, 2000). The source of possible systematic errors has yet to be 
identified. 

The possibility of systematic errors in the Voyager He abundance determination 
for Jupiter leads one to ask whether similar problems exist for the Voyager results for 
the other giant planets, including Saturn. For this reason, the re-determination of the 
Saturn He abundance has become a major scientific objective for Cassini. The same 
technique that was used in the Voyager analyses can be applied to combinations of 
Cassini CIRS spectra and radio occultation measurements (see Kliore et al . , 2003). 
However, in this case, many radio occultation profiles will be available, acquired 
under differing viewing geomefries and al differenl locations on the planet. Such 
multiple determinations should be useful in identifying and eliminating possible 
systematic errors. 

A second constraint on the He abundance is provided by the detailed shape of 
the measured thermal emission spectrum in the far infrared (v < 600 cm-'). The 
differential spectral dependence of the collision-induced H 2 absorption in the S(0) 
and S(l) lines and the translational portion of the spectrum is a function of the rel- 
ative contributions from H 2 -H 2 and H 2 -He interactions. Ideally, this effect should 
permit simultaneous retrieval of both the temperature profile and the He abundance 
(Gautier and Grossman, 1972). This was done with the Voyager Jupiter thermal 
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emission spectra by Gautier et al. ( 1981). The shape of this portion of the spectrum 
is also sensitive to the molecular hydrogen ortho/para ratio (the ratio of molecular 
hydrogen in the odd rotational-quantum-number, or ortho-hydrogen, state to that 
in the even rotational-quantum-number, or para-hydrogen, state). Gautier et al. as- 
sumed this ratio to be the thermodynamic equilibrium value at the local temperature. 
However, it is now realized that the H 2 ortho/para ratio is not in equilibrium at many 
locations on Jupiter (Conrath and Gierasch, 1984; Carlson et al., 1992). Within the 
portion of the hydrogen absorption spectrum on Jupiter that is free from cloud 
opacity and ammonia absorption, the effects of He and the hydrogen ortho/para 
ratio are similar, and it is not possible to constrain both parameters simultaneously. 
Saturn’s troposphere, however, is colder than Jupiter’s, and more ammonia pre- 
cipitates out. The reduced cloud and gaseous ammonia absorption in the upper 
troposphere allows access to a larger portion of the H 2 translational continuum at 
lower wavenumbers. Measurements in this portion of the spectrum, combined with 
measurements in the S(0) and S(l) lines, do permit the simultaneous retrieval of 
temperature, the hydrogen ortho/para ratio, and the He abundance. Conrath and 
Gautier (2000) have reanalyzed Saturn IRIS spectra over its lowest wavenumber 
range, 200-600 cm“', and derived a helium mass fraction of 0.18-0.25, consider- 
ably higher than the earlier IRIS-RSS result. This technique will be more sensitive 
using CIRS spectra, because of the additional spectral coverage of the translational 
continuum below 200 cm“^ Spectra from various locations on the planet can be 
analyzed, while imposing the additional constraint that, even though the tempera- 
ture and ortho/para ratio vary with location, the He abundance should be the same 
everywhere. This approach will provide an independent determination. While the 
formal errors from these results will be larger than from those derived using both 
CIRS and RSS data, they should serve as a useful constraint in detecting any large 
systematic errors in the latter approach. 

Methane. CH 4 is the primary repository of carbon on Saturn. Previous deter- 
minations of the atmospheric CH 4 abundance have relied on near-infrared reflec- 
tion spectra obtained with ground-based telescopes. Most recent measurements 
(Karkoschka and Tomasko, 1992) indicate a methane mixing ratio of (3.0 ± 0.6) x 
10^^, yielding [C]/[H] = (1. 3-2.0) x 10^^. This range represents a considerable 
enhancement relative to the solar value (4.7 x 10^^), which, as noted earlier, would 
suggest a heterogeneous origin of Saturn. Scattering from clouds and aerosols com- 
plicates the interpretation of the near- infrared data, and this issue has been somewhat 
controversial (see Prinn et al., 1984). 

Retrievals of the CH 4 abundance from spectra obtained in the V 4 band in 
the thermal infrared near 1300 cm“', such as those obtained by Voyager IRIS 
(4.3i'!j g X 10“^, Courtin et al., 1984) and by the ISO/Short Wavelength Spectrom- 
eter 1 X 10“^, Lellouch et al., 2001) have been problematic, because of 

the difficulty in separating the effects of CH 4 abundance from those of tempera- 
ture. This general problem is discussed in more detail in Appendix A. With only 
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Saturn Temperature-Inversion Kernels 
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Figure 4. Inversion kernels for temperature sounding of Saturn. The kernels for limb viewing have 
been convolved with a finite FOV approximated as a Gaussian, whose full width at the 1/e points, 
projected onto the horizon, equals one scale height. 



nadir-viewing observations, as IRIS usually obtained, there is not sufficient redun- 
dancy in the spectra to determine [CHq] uniquely. The capability of limb sounding 
changes all this. Figure 4 depicts the inversion kernels for temperature retrieval in 
Saturn’s atmosphere from CIRS spectra for both nadir- and limb-viewing geome- 
tries. The requisite redundancy in the spectra is evidenced by the slight overlap in 
the stratosphere of the inversion kernels at 600 cm“' - attributable to absorption 
in the S(l) line of H 2 - for the limb mode and those in the V 4 -band of CH4 near 
1300 cm“' for nadir viewing. Hence, the combination of CIRS spectra at the two 
viewing geometries should determine the stratospheric CH4 abundance. Addition- 
ally, the rotational lines of CH4, in the far-infrared at 60-120 cm“\ illustrated 
in Figure 5, contain information on tropospheric methane. As methane does not 
condense in Saturn’s atmosphere, the tropospheric and stratospheric abundances 
should be identical. The line-formation region of the centers of rotational lines, 
which are seen in absorption, is ~250 mbar, in the upper troposphere. The requi- 
site redundancy here is afforded by the independent determination of temperature 
from the simultaneous nadir observations in the spectral region 150-600 cm“^ 
where pressure-induced absorption by H 2 in the translational continuum and the 
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Figure 5. Synthetic far-infrared nadir spectrumof Saturn at high resolution (0.5 cm“^) showing NH 3 , 
PH 3 , CH 4 , and HD absorption lines, along with the NESR (Section 5.6.1) for a single spectrum and 
the 1 -cr errors for 9 averaged spectra. NH 3 and PH 3 variations across the disk of Saturn will be inferred 
from these spectral lines 

S(0) and S(l) lines dominates the opacity (see Appendix A). Hence, determina- 
tion of stratospheric and tropospheric methane from two different spectral regions 
should provide an accurate determination of the atmospheric abundance of this 
compound. 

Ammonia. NH 3 is the principal reservoir of nitrogen on Saturn. Its abundance in 
Saturn’s upper troposphere and higher is severely limited by condensation. NH 3 is 
usually thought to be the main component of Saturn’s visible clouds, although no 
definite evidence exists. It is photolyzed at pressures <0.5 bar and, coupled with 
PH 3 and hydrocarbons, may be involved in complex chemical processes (Kaye 
and Strobel, 1984). NH 3 varies laterally as well as vertically. Ground-based radio 
observations of Saturn at 6 cm, which probe the atmosphere between 1.3 and 5 bar, 
have shown enhanced emission within a broad latitude band extending from 20° N 
to 50° N (Grossman et al, 1989). The band is thought to be depleted in gaseous 
NH 3 , which permits emission from warmer and deeper regions of the troposphere 
to be observed. The 700-mbar temperatures retrieved from Voyager IRIS radiances 
near 225 cm“^ also indicated an apparent increase in the same region (Conrath 
and Pirraglia, 1983). However, the retrievals were based on the assumption that 
the collision-induced transitions of H 2 provided all the infrared opacity, and they 
did not include the contributions of clouds. If the cloud opacity was not negligible, 
then it is likely that the enhanced temperatures at mid northern latitudes result from 
a minimum in the cloud opacity there, which would be consistent with the radio 
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observations. The spatial distribution of gaseous NH 3 and clouds must result from 
atmospheric transport, coupled with condensation and photochemical processes. 
This cycle is still poorly understood. 

CIRS spectra provide a sensitive means to determine the distribution of tropo- 
spheric NH 3 on Saturn. Both the V 2 vibrational band in the mid infrared near 1000 
cm“^ and the rotational lines visible in the far infrared from 60 to 225 cm“^ can be 
used. Figure 5 depicts a synthetic nadir spectrum at high spectral resolution of the 
rotational NH 3 lines at Saturn’s equator. The high spectral resolution (0.5 cm“^) 
is needed to separate the multiplets of PH 3 from those of NH 3 , and give good dis- 
crimination of the weak NH 3 lines against the underlying H 2 continuum. The Noise 
Equivalent Spectral Radiance (NESR, see Section 5.6.1) is shown for a single high 
resolution scan (52 s). The H 2 continuum to NESR ratio establishes the accuracy 
with which the temperature and cloud structure can be retrieved. Over most of the 
spectral range, the signal- to-noise ratio (SNR) is '^30. The 1 -ct error bar shown 
corresponds to the average of 9 scans, which decreases the NESR by a factor of 
three, and it indicates the accuracy with which the NH 3 abundance can be retrieved. 
The SNR is quite adequate for retrieving the NH 3 vertical profile from the observed 
Saturn radiances. NH 3 abundances will be retrieved in a layer centered at 500 mbar 
with a vertical resolution comparable to the NH 3 saturation vapor pressure scale 
height. 

Hydrogen sulfide. The Galileo probe mass spectrometer detected H 2 S at pressure 
levels between 8 and 20 bars in Jupiter’s deep atmosphere (Niemann et al, 1998). 
The only remote observation of H 2 S on Jupiter was a tentative detection in the 
stratosphere immediately after the collision of comet Shoemaker-Eevy 9 (Yelle 
and McGrath, 1996; Atreya et al, 1995, claimed only an upper limit from the same 
ultraviolet data set.) H 2 S has not been observed at all on Saturn. The difficulty arises 
from the depletion of H 2 S from the chemical reaction with NH 3 to form the NH 4 SH 
cloud that is thought to exist at a pressure of several bars. Only at 5 /xm and beyond 
10 cm at radio wavelengths can one probe deeper than this cloud to levels where 
H 2 S is expected to be abundant. However, there are no H 2 S bands at 5 /xm, and 
beyond 10 cm, there is a smeared out continuum that makes it nearly impossible to 
separate NH 3 , PH 3 , and H 2 S . There are strong rotational lines of H 2 S between 20 and 
80 cm^^ within CIRS’s EPl bandpass - not shown in Eigure 5 - that sound the ~1- 
bar level, which is well above the nominal NH 4 SH cloud. Weisstein and Serabyn 
(1996) acquired whole-disk spectra of Saturn using the Caltech Submillimeter 
Observatory. They reported a stringent upper limit to H 2 S on Saturn of 16 ppb using 
an absorption feature at 687.3 GHz (22.93 cm^^). This is 3 orders of magnitude less 
than the solar abundance of sulfur, thus supporting the idea that sulfur is locked up in 
the NH 4 SH cloud. Images of Saturn at 5.2 /xm reveal interesting spatial structure in 
the deepest cloud layers (Yanamandra-Eisher et al., 2001), and it is possible for H 2 S 
to be enhanced locally above the very low global average. Hence a search for H 2 S, 
using the CIRS capability of high spectral and spatial resolution, is an important 
objective. 
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Isotopic abundances also bear on Saturn’s formation and evolution: 

Deuterium. It is widely recognized that an accurate determination of [D]/[H] 
can provide useful constraints on models for the origin and evolution of planetary 
atmospheres. As H 2 dominates all other hydrogen-bearing constituents by a large 
margin on both Jupiter and Saturn, one expects the value of [D]/[H] in the H 2 in 
these atmospheres to be identical to the value in the hydrogen that dominated the 
interstellar cloud from which the solar system formed. Neither of these giant planets 
is sufficiently massive to produce internal temperatures and pressures that would 
permit D-consuming nuclear reactions. The only disturbance of the original ratio 
would therefore come from other hydrogen compounds that were brought to the 
forming planet as solids (primarily in ices) in sufficient amounts. 

Gautier and Owen (1989) adopted [D]/[H] = (1.7 -|- ^ on Saturn, 

based on various analyses of observations of CH 4 and CH 3 D bands (with a cor- 
rection for the fractionation from hydrogen) by several different observers. More 
recently, ISO has also observed the rotational lines of HD in absorption in the far 
infrared (Griffin ef a/. , 1996; Lellouchct a/., 2001). Averaging the [D]/[H] retrieved 
from ISO observations of the R(2) and R(3) HD lines at 265 cm“^ and 351 cm“^ 
respectively, with that retrieved from the observed emission in the CH 3 D band near 
1150 cm“*, Lellouch et al, derived [D]/[H] — (1.70 -|- _°o^ 45 ) x 10“^ on Saturn 
and (2.25 ± 0.35) x 10“^ on Jupiter. The latter ratio is in good agreement with 
that derived from direct measurements of HD and H 2 in Jupiter’s atmosphere with 
the mass spectrometer on the Galileo Probe (Mahaffy et al, 1998): [D]/[H] = (2.6 
± 0.7) X 10“^. The Jupiter ratios are significantly higher than the value of (1.5 ± 
0.1) X 10“^ in local interstellar hydrogen today (Linsky, 1998), as expected from 
models for galactic evolution that predict the destruction of deuterium with time as 
a result of nuclear “burning” in stars. 

The lower value of [D]/[H] on Saturn is surprising, although the relative errors 
are large. Interior models (Guillot, 1999) predict that (tDKHj)satum/(l°){Hj)jupiter 
1.25-1.35, because of mixing of solar nebular gas with D-rich ices at Saturn’s 
orbit. It is important to increase the precision of the [D]/[H] measurement on Saturn 
in order to decide whether this has occurred. CIRS can accomplish this through 
improved measurements of HD and deuterated methane. 

CIRS can observe the R(0), R(l), and R(2) rotational lines of HD in the 
far-infrared, illustrated in Figure 6 . These have been tentatively identified in 
CIRS observations of Jupifer obfained during fhe recenf Cassini swingby (Kunde 
et al, 2004). Even wifh CIRS’s high resolution, fhe higher specfral resolution 
(~0.27 cm^*) afforded by unapodized specfra is needed fo resolve fhese weak 
fealures. The R(0) fealure appears as a nofch in fhe wing of fhe sfronger PH 3 ab- 
sorption. The R(l) absorption al 178 cm“* is small, '^2 x 10“*^ W cm“^sr“Vcm“', 
and if is imbedded wilhin a NH 3 mulliplel. However, a Iwo-hour inlegralion would 
yield a SNR of 10 for Ihis fealure. In addition lo HD and NH 3 gas, this part of 
the spectrum is sensitive to temperature, the para H 2 fraction. He, and NH 3 ice. 
All but HD and He vary with location. As with He (see above), the constancy of 
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Figure 6. Unapodized 0.27 cm~* synthetic spectra in the far infrared, illustrating the R(0), R(l), and 
R(2) rotational lines of HD on Saturn. Spectra with and without the HD features are indicated. The 
R(0) line lies on the high- wavenumber side of a PH 3 absorption, and the R( 1 ) line is embedded within 
a NH 3 absorption manifold. 
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HD can be leveraged to separate it from the other sources of opacity. Information 
on NH 3 in both the gaseous and solid phases, temperature, and the para fraction 
can be obtained from other parts of the spectrum and also from different viewing 
geometries. CIRS should be able to surpass the accuracy of the ISO determination. 

In addition, [D]/[H] in methane can be inferred from the determination of 
the[CH 3 D]/[CH 4 ] ratio (e.g.,Lellouch et al, 2001); this comes from spectral re- 
gions near 1150 cm“* and 1300 cm where the Q-branches of CH 3 D and CH 4 
are located, respectively. The spectral resolution accessible to CIRS and the high 
sensitivity of its detectors in this region (Figure 37) will permit an improved deter- 
mination of this ratio. In particular, CIRS should improve the ISO determination 
( 2 . 0 !')q 7 ^ which was hampered by the existence of temperature variations 

over Saturn’s unresolved disk. Comparing this with [D]/[H] in H 2 should allow 
one to evaluate the isotopic enrichment factor in methane in the upper troposphere 
of Saturn. This factor reflects the competition between chemical equilibration at 
deeper, hotter levels of Jupiter’s and Saturn’s atmospheres and rapid upward trans- 
port to colder levels where the equilibration is quenched (Lecluse et al., 1996; 
Smith et al, 1996a). A precise determination of this factor would better define 
the quenching level and the nature of the dynamics of the deep atmosphere, 
which presently are only poorly constrained. ISO observed both HD and CH 3 D 
on Jupiter and Saturn, but the errors in the [D/H] ratios derived were large enough 
to preclude a meaningful determination of the enrichment factor (Lellouch et al. , 
2001). 

Carbon isotopes. The ratio [*^C]/[^^C] is of interest because it is indicative 
of conditions in the outer solar system (Gautier and Owen, 1983). Galileo probe 
measurements found [^^C]/['^C] = 0.010820 ± 0005 on Jupiter (Niemann et al, 
1996, 1998; Atreya et al, 1999, 2003), which is consistent with the solar value. 
Ground-based measurements in the near infrared (Combes et al, 1997) indicate 
that the ratio for Saturn is also close to solar. CIRS can observe '^CH 4 emission at 
several features between 1290 and 1300 cm“^ Courtin et al (1983) used IRIS data 
in this spectral region to retrieve [^^C]/[*^C] on Jupiter, but their value was higher 
than the solar value. In part this bias stemmed from IRIS ’s limited spectral resolution 
of 4.3 cm“^ causing some blending of the '^CH 4 and *^CH 4 emission. With its 
higher spectral resolution, CIRS should be able to separate the emission from these 
isotopes better. CIRS spectra should also show emission from ^^C'^CHs, near 820 
cm '. As methane and ethane are parent and daughter molecules, respectively, 
any differences in [^^C]/[^^C] inferred from their emission may be indicative of 
fractionation processes. 

Internal heat. Saturn radiates more energy in the thermal infrared than it absorbs 
from sunlight. From Voyager IRIS observations, Hanel et al (1983) have made the 
most definitive determination of the ratio of emitted radiation to absorbed sunlight, 
— 1.78 ± 0.09. The excess energy is thought to be from Saturn’s interior, attributable 
to primordial heat loss associated with Saturn’s cooling and slow contraction, and 
possibly the energy release associated with gravitational separation of hydrogen and 
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helium. The CIRS spectra can determine Saturn’s thermal emission more accurately 
for two reasons. The first is that the far infrared spectrum measured hy IRIS only 
extended down to 200 cm“'. At lower wavenumbers, Hand et al, used a synthetic 
spectrum, calculated from the temperatures retrieved from the radiances at higher 
wavenumbers. CIRS will measure the far-infrared spectra directly down to 10 cm“ ^ . 
Secondly, the Voyager IRIS coverage for the heat balance study was obtained at a 
time when the entire disk of Saturn nearly filled the instrument FOV, and a fairly 
involved correction was required to remove the effects of its rings. The Cassini 
orbital tour offers an improvement, in that it allows viewing of the entire planet at 
high spatial resolution at different emission angles. 

At the emission-to-space level (400 mbar), Saturn’s (and Jupiter’s) zonal-mean 
temperatures (averaged over longitude) are remarkably uniform with latitude. This 
has been attributed to the efficiency of convecfive transport of heat within the inte- 
rior (see, e.g., Ingersoll and Porco, 1978). However, small meridional temperature 
variations on the scale of the zonal-wind structure are observed (see below). The 
local variations in the heat balance on these scales are diagnostic of local dynam- 
ics, as Pirraglia (1983) has shown for Jupiter, using Voyager IRIS spectra. Detailed 
thermal mapping by CIRS will elucidate the local variations in thermal emission 
on Saturn. Unlike IRIS, which had a single-channel visible radiometer, CIRS does 
not have any sensitivity at solar wavelengths. However, there are other orbiter in- 
struments that measure ultraviolet (Esposito et al, 2003), visible (Porco et al., 
2003), and near-infrared (Brown et al. , 2003) radiation with photometric precision, 
and these will provide an improved determination of Saturn’s reflected solar radi- 
ation. Combining these with CIRS observations in the thermal infrared will more 
accurately determine Saturn’s heat balance on global and smaller scales. 

3.1.2. Atmospheric Gas Composition 

Disequilibrium compounds — troposphere. The molecules phosphine (PH 3 ), carbon 
monoxide (CO), germane (GeH 4 ), and arsine (ASH 3 ) have been identified in Saturn 
(Bregman et al., 1975; Noll et al., 1986; Noll and Larson, 1990; Bezard et al., 
1989). These compounds are not in thermochemical equilibrium at the pressures 
(< several bars) and temperatures (<300 K) at which they are observed, and their 
existence in this part of the atmosphere must result from rapid upward transport 
from the hotter interior. They therefore serve as valuable tracers of the strength of 
the deep convective transport and of the chemical state of the interior. In tandem 
with thermochemical-kinetic models, the observed abundances can constrain the 
composition of heavy elements in Saturn’s interior, a key parameter for theories of 
its formation and evolution. However, the interpretation of the observed disequilib- 
rium molecules is complicated by the interplay of photochemistry and dynamics at 
atmospheric levels accessible to short-wave solar radiation. Phosphine, which leads 
to the formation of more complex molecules and possibly chromophores, provides 
an illustrative example. The abundance of PH 3 in the atmosphere at pressures 
<1 bar is depleted compared to that measured in the 4-5 bar range (see, e.g., de 
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Graauw et al, 1997). This depletion has been attributed to UV photolysis or more 
complex photochemical processes (Kaye and Strobel, 1984). The vertical profile 
of phosphine results from a balance between vertical mixing and photochemical 
destruction. Additionally there are probably horizontal variations from the compe- 
tition between photochemistry and meridional and vertical transports. On Jupiter, 
phosphine was found to decrease slowly in the 600-mbar region from 10° S to 35° 
S, which suggests a decrease in the strength of vertical mixing there (Lara et al, 
1998). In addition, an enhancement of the deep mixing ratio, at pressures >1 bar 
was found at high northern latitudes (~50° N) on Jupiter (Drossart et al, 1990). 
Recently, Irwin et al (2004) have analyzed CIRS Jupiter data at 1000-1200 cm“* 
obtained during the Cassini swingby. Although a rapid decrease of PH3 with al- 
titude above the 1-bar level was consistent with the spectra, they concluded that 
the 1-bar abundance and fractional scale height retrieved from the nadir-viewing 
spectra were highly correlated. At low latitudes they observed an enhancement in 
the 1-bar abundance in the equatorial zone - presumably a region of upwelling - 
and a depletion over the north and south equatorial belts. Because of the distance 
(140 Rj) of the Jupiter flyby, Irwin et al were restricted to the middle infrared por- 
tion of the spectrum, for which the CIRS detector arrays could spatially resolve the 
planet for detailed mapping. During the Cassini tour, Saturn can also be mapped in 
the far infrared, permitting deeper levels of the atmosphere to be probed. Figure 5 
illustrates that the far-infrared spectrum is as promising a region to retrieve the 
spatial distribution of PH3 as it is for NH3. The magnitude of the PH3 rotational 
lines are comparable to those of NH3, so the earlier SNR estimates for the latter 
molecule apply to PH3 as well. 

Mapping the distribution of several non-equilibrium molecules on Saturn will 
help separate the effects of chemistry and dynamics in the deep atmosphere from 
those of photochemistry and dynamics in the upper troposphere and middle at- 
mosphere. In addition to the aforementioned molecules, H2Se, H2S, and halides 
(HF, HCl, HBr, HI) are promising candidates (Bezard et al., 1986). None of these, 
however, have been seen by ISO. Thermochemical models predict that halogens 
in the observable atmosphere should be trapped in the condensed phase as ammo- 
nium salts. Showman (2001) modeled the rapid transport of halides from the deep 
atmosphere, and he concluded that nucleation and condensation are too rapid to 
lead to observable supersaturation of these species. Using the strongest lines below 
205 cm^ * , Fouchet et al (2004a) have analyzed CIRS Jupiter spectra to place upper 
limits on the mole fractions of the hydrogen halides: [HF] < 2.7 X 10-", [HCl] 
< 2.3 X 10“^, [HBr] < 1.4 x 10^*^, [HI] < 1.0 x 10“*^. The upper limits on [HF] 
and [HCl] are well below the solar values, supporting the condensation hypothesis. 
A similar analysis using CIRS spectra of Saturn would be useful for comparative 
studies of these two planets. 

Disequilibrium compounds - Ortho-para H 2 conversion. The ortho-para ratio of 
molecular hydrogen is a parameter of keen interest in the study of the dynamics and 
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energetics of the upper tropospheres of the giant planets. At deeper levels where 
the temperature exceeds 300 K, the value of the ortho-para ratio should he near the 
3:1 high temperature limit (called the “normal” value). Since ortho-para transitions 
are highly forbidden, a parcel of gas initially at a deeper level will tend to retain its 
initial para fraction when moved upward toward cooler levels, rather than imme- 
diately assuming the thermodynamic equilihrium value of the lower temperature 
(the para fraction at equilihrium increases with decreasing temperature). The ex- 
tent of disequilihrium will depend on the ratio of the thermal equilibration time to 
the dynamical transport time, which is not well known in the outer planets. In the 
upper troposphere of Saturn, the equilibration time for pure molecular hydrogen is 
approximately 3 x 10*^ s, but this time can be significantly shortened by catalytic 
processes, involving, for instance, ortho-para conversion at paramagnetic sites pro- 
duced by solar photons on cloud particles (Massie and Hunten, 1982; Conrath and 
Gierasch, 1984). Slow para hydrogen conversion can be a significant factor in the 
thermodynamics of convective processes, acting essentially as a latent heat (Con- 
rath and Gierasch, 1984; Gierasch and Conrath, 1987; Smith and Gierasch, 1995). 
Para hydrogen can also serve as a tracer of atmospheric motion; measurements 
of its spatial distribution can be used to study the upper tropospheric circulation 
diagnostically. 

Previous efforts to determine the hydrogen para fraction in the observable lay- 
ers of the atmospheres of the giant planets include analyses of measurements of 
reflected solar radiation in the near-infrared hydrogen lines (Baines and Bergstralh, 
1986; Smith and Baines, 1990; Baines et al., 1995) and analyses of emission mea- 
surements in the thermal infrared. Retrievals from Voyager IRIS thermal emission 
spectra mapped the para fraction in the upper troposphere at ~ 100-300 mbar. The 
para hydrogen was found to be in disequilibrium at low latitudes (Conrath and 
Gierasch, 1983, 1984; Carlson et al, 1992). From these results, Gierasch et at 
(1986) inferred the presence of a hemispheric zonal-mean Lagrangian circulation 
in the upper troposphere and lower stratosphere, with slow upwelling (vertical 
velocities <10“^ mm s“^) at low latitudes and subsidence in the polar regions. 
Recently, Conrath et al (1998) have extended the analysis of Voyager IRIS data to 
include all four giant planets. Disequilibrum para hydrogen was found on Saturn, 
with the large scale spatial distribution showing possible seasonal asymmetries. 
However, the Voyager analysis was limited by both the signal to noise ratio of the 
measurements and incomplete spatial coverage, especially in the southern hemi- 
sphere, because of the fly-by geometry. The global average ortho-to-para ratio has 
also been derived in the stratospheres of the four giant planets, from emission in 
the H 2 S(0) and S(l) quadrupolar lines measured by ISO/SWS (Fouchet et al, 
2003). The measurements were full-disk, except for Jupiter, for which the SWS 
FOV subtended 30°N to 30°S. The stratospheric para fractions on Jupiter and Sat- 
urn were close to the average tropopause values, thus representing a departure from 
thermodynamical equilibrium. 
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CIRS measurements will bring several new facets to bear on tbe study of ortho- 
para processes on Saturn. The ortho-para distribution derived from Voyager IRIS 
was retrieved from the far-infrared portion of the spectrum (<600 cm“'), where the 
effects of temperature, helium abundance, and, at longer wavelengths, NH 3 and PH 3 
contribute simultaneously (Conrath et al., 1998; Conrath and Gautier, 2000). The 
extension of the spectrum below the 200-cm“ * limit of Voyager IRIS will provide 
additional redundancy in the spectrum, allowing a better separation of each of these 
components (Figure 3). Moreover, it will extend the retrievals deeper, down to the 
500-mbar level. The Cassini orbital tour will allow a more complete mapping of the 
distribution of the para-fraction, and this will be one of the key probes of Saturn’s 
sluggish meridional circulation in the upper troposphere (Section 3.1.4). 

Disequilibrium compounds - stratospheric hydrocarbons. The irradiation of 
CFl 4 by solar ultraviolet photons leads to the irreversible production of more com- 
plex hydrocarbons. Figure 7 depicts the chemical pathways following the initial 
breakup of CH 4 . The first “tier” of stable products includes acetylene (C 2 H 2 ), ethy- 
lene (C 2 H 4 ), and ethane (C 2 H 6 ). C 2 F 12 and C 2 F 16 were observed in Voyager IRIS 




Figure 7. Photolytic reaction scheme for hydrocarbons in Saturn’s stratosphere. The rectangular 
boxes represent stable compounds, the circles denote free radicals, the solid lines indicate chemical 
reactions, and the dashed lines represent photolysis pathways. 
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spectra (see, e.g., Courtin et al, 1984), but C2H4 has only recently been detected 
(Bezard et al., 2001a). C2H2 is a key component, because it plays a role in the 
photosensitized destruction of CH4 to create CsHs, and it also leads to higher-order 
hydrocarbons, such as C4H2 and C6H2, which are a potential source of the aerosol 
hazes in Saturn’s stratosphere. C2H4 is closely linked to C2H2, and current models 
(Moses et al . , 2000a) predict a column abundance of C2H4 that is five times greater 
than that inferred from the observations. Uncertainties in some key reaction rates 
and in branching ratios associated with Ly-a photolysis may account for part of 
the discrepancy. Disk-average observations of Saturn by the ISO/SWS have also 
detected diacetylene (C4H2), methylacetylene (CH3C2H) (de Graauw et al., 1997), 
and benzene (Bezard et al., 2001b). Current photochemical modeling suggests that 
the creation and destruction of CH3C2H involves its allotrope, allene (CH2CCH2), 
which has not been detected. 

All these molecules are infrared active and contribute to the radiative balance 
of the stratosphere, thereby providing thermal feedback to the photochemistry. Be- 
cause the Cassini observations will occur at a different season and level of solar 
activity than those by Voyager, they should provide constraints on the time con- 
stants of photochemical and dynamical transport processes. The best disk-resolved 
observations of Saturn in the thermal infrared are still those by Voyager IRIS. How- 
ever, Saturn’s stratosphere is sufficiently cold, <150 K, that it was not possible to 
retrieve a meridional distribution of any hydrocarbon from the IRIS spectra. Figure 
8 illustrates the mid-infrared spectrum of Saturn observed by CIRS at moder- 
ate spectral resolution in both the nadir- and limb-viewing geometries. The strong 
emission features seen from the hydrocarbons C2H2, C2H6, and C3H8 will be used 
to determine the spatial distributions for these gases. The nadir mode can quickly 
provide horizontal maps of column densities, but it will usually be necessary to 
make assumptions concerning the relative vertical profiles. Limb viewing affords 
much better vertical resolution. Figure 9 illustrates this and demonstrates that ver- 
tical profiles can be retrieved at pressure levels spanning 0.01 mbar to several tens 
of mbar. Figure 8 also shows the NESR for a single FP3 pixel for both viewing 
geometries (one scan, 10-s integration time). The limb- viewing panel (b) illustrates 
the 1-CT noise error for an average of nine scans, and it shows that the SNR ob- 
tained is adequate to map these stronger species in 90 s. The use of individual 
pixels for the best vertical resolution is usually critical for limb observations, but 
nadir observations may be more amenable to pixel averaging, thereby degrading 
horizontal resolution to optimize the SNR. Figure 8a illustrates one possible strat- 
egy, namely averaging 5 pixels. The 1 -ct noise error is indicated for this spatial 
averaging and also for an average of 25 scans. The expected SNR is again very 
good. 

The methyl radical (CH3) represents a key intermediate stage in the CH4 pho- 
tochemistry. Formed by dissociation of CH4, it ultimately recombines with itself 
in a three-body reaction to form C2H6. Its abundance is sensitive to the poorly 
known CH3 recombination rates and to the strength of vertical mixing near the CH4 
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Figure H. Synthetic mid-infrared spectrum in FP3 at an apodized resolution of 3.0 cm * for (a) nadir 
and (b) limb viewing of Saturn. Note the different vertical scales. The single-scan NESR for one pixel 
is indicated. The I -a noise error is also shown for (a) an average of 5 pixels and 25 scans, and (b) a 
single pixel averaged over 9 scans. 



homopause. ISO/SWS spectra of Saturn, with approximately disk-average resolu- 
tion, led to the first detection of CH 3 and a derived column abundance of 1.5-7. 5 
X 10^^ molec. cm“^ (Bezard et al, 1998). The large uncertainty was primarily 
attrihutahle to the 20% uncertainty in the flux calihration of the SWS spectra, not 
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only near the CH 3 emission feature at 16.5 /xm, but also in the fluxes in the V 4 
band of CH 4 at 7 /xm, which were used to constrain the temperature profile at the 
0. 15-5 mbar altitudes. Still, the ISO observations were enough to indicate that the 
CH 3 recombination rates were either larger than those currently used in photo- 
chemical models, or else the vertical mixing near the homopause was much smaller 
than previously inferred from Voyager ultraviolet measurements (Bezard et al, 
1998). CIRS can improve on the ISO determination in three ways. First, because 
the optics and detectors are thermostatically controlled, the calibration accuracy 
is much higher (Section 5). Second, because of its closer proximity to Saturn, 
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Figure 9. Hydrocarbon contribution functions for C 2 H 2 and C 2 H 6 for limb and nadir viewing of 
Saturn. The limb contribution functions have been convolved with a finite FOV whose full width 
projected onto the horizon equals one scale height. The opacity of tropospheric H 2 accounts for the 
large peak in the normalized nadir contribution functions at several hundred millibars, but the smaller 
broad peaks above the 10-mbar level are attributable to the hydrocarbons. 
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Figure 9. (Continued) 



the horizontal spatial resolution is much higher, and heterogeneities in emission 
(e.g., isolating warmer regions) can he used to advantage for detection. This en- 
abled CIRS to detect CH 3 on Jupiter for the first time, within its auroral hot spots 
(Kunde et al, 2004). Finally, near periapses, CIRS can actually observe Saturn 
in the limb mode, measuring radiances as high as the 10-/xbar level. This will be 
important in better constraining the temperature profile al high altitudes. Photo- 
chemical models suggest that the CH 3 mole fraction is maximum near the CH 4 
homopause. 

Coupling between CH 4 and PH 3 photochemistry could produce additional or- 
ganics, mainly alkylphosphines and FICP, as suggested by laboratory experiments 
(Bossard etal., 1986). These compounds have strong signatures in the mid-IR and 
could be detected by CIRS. 
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External sources - oxygen compounds. Although carbon monoxide in Saturn’s 
atmosphere was discovered more than a decade ago (Noll et al, 1986), its vertical 
distribution and origin are still unknown. Recently, the ISO/SWS detected H 2 O and 
CO 2 on Saturn (Feuchtgruber et al, 1997). The H 2 O and CO 2 lines were seen in 
emission, indicating that the source of the emission was the stratosphere, where 
temperature increases with altitude. The inferred mixing ratio of H 2 O (Table III) is 
well above the saturation values near the tropopause, and this strongly suggests an 
external supply of oxygen in the form of H 2 O and perhaps O. The external source 
has not been unambiguously identified, as both interplanetary dust and material 
originating from the rings or satellites are plausible water-carriers. Determining 
the spatial distribution of H 2 O could discriminate among these possibilities. For 
example, while “interplanetary” water is expected to be horizontally uniform on 
the planetary disks, water from the rings should be locally enhanced at latitudes 
magnetically connected to the rings (Connerney and Waite, 1984). Indeed, FUV 
spectra recorded by HST at several latitudes suggest that H 2 O may not uniform over 
Saturn’s disk, but be significantly enhanced at mid-southern latitudes (Fouchet etal, 
1996; Prange et al, 1999). 

The CO 2 observed in Saturn’s stratosphere could result from the infall of CO 2 
ice contained in micrometeorite/ring/satellite material (Feuchtgruber et al., 1997). 
Alternatively, secondary production from the reaction of CO and OH can serve 
as a source of CO 2 , where OH is produced from the photolysis of infalling H 2 O, 
and CO is at least partly deposited from external debris. Such a scheme has been 
proposed for Titan (see below). A recent detailed photochemical model (Moses 
et al. , 2000b) indicates that all these mechanisms could be at work. The derived 
mixing ratio of CO 2 is so small (Table III), that no condensation should occur at 
the tropopause and an interior source is theoretically possible. This would require 
rapid upward transport from the 1200 K level (Feuchtgruber et al, 1997). In this 
case, the mixing ratio in the troposphere, as yet unmeasured, should be compa- 
rable to the stratospheric value. However, Lellouch et al. (2002) have estimated 
that an internal source accounts for only ~10“^ — 10“' of the CO 2 observed on 
Jupiter. 

Given the small fields of view and fhe viewing proximity afforded by the orbital 
tour, CIRS observations should determine the lateral variation of H 2 O and the 
vertical variation of CO 2 . The strongest H 2 O feature is the rotational line at 150.5 
cm“ ' , in FPl (see Figure 19, which illustrates this for Titan). Scaling disk-averaged 
ISO observations of H 2 O at 254 cm', it follows that 10 h of integration time should 
provide a SNR of 5. Several locations could be observed during the orbital tour. The 
vertical variation of CO 2 is best determined from limb observations at 667 cm“' 
with the FP3 arrays. Nadir observations would provide a column abundance. Again 
scaling the disk-average radiance observed by ISO, at this wavenumber, indicates 
that achieving a SNR — 5 requires 100 h of integration. This is fairly long, but 
it could be broken into shorter segments over a 4- year tour, and the spectra later 
averaged for analysis. 
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TABLE III 

Atmospheric composition of Saturn (mole fractions). 



Gas 


Chemical 

formula 


Composition (mole fractions) 


Helium 


He 


0.10-0.13“ 


Methane 


CH 4 


4.3(+2.3/-1.8) X 10-3'’ 
(3.0 ± 0.6) X lO-^-: 
4.5(+l.l/-2.1) X 10-3<i 


Ammonia 


NH 3 


~1 X lO-'' (3 bai-)'= 


Hydrogen sulfide 


H 2 S 


Undetected 


Phosphine 


PH 3 


7(+3/-2) X 10-*^ (p > 400 mbar)f 

~ 4.2 X 10-^ (global, 3 bar); ~ 2.5 x 10-" (global, 300 mbar)‘= 
~7.4 X 10-'’ (p > 630 mbar); ~ 4.3 x 10-^ (150 mbar)s 


Arsine 


AsH 3 


2.4(+1.4/-1.2) X 10-" (3 bar)'’ 
(3 ± 1) X 10-s (3 barf 


Germane 


GeH4 


(4 ± 4) X 10 (3 bar)'' 


Methyl radical 


CH 3 


4 (+2/— 1.5) X 10'3 molec cm-^ (global, p 5 10 mbar)' 


Ethane 


C 2 H 6 


(3.0 ± 1.1) X 10-^ (N. hemisphere, p < 20 mbar)'’ 
(9 ± 2.5) X 10-" (global, 0.5 mbar)' 


Acetylene 


C 2 H 2 


(2.1 ± 1.4) X 10-3 hemisphere, p < 20 mbar)'’ 

1.2(+0.9/-0.6) X 10-® (global, 0.3 mbar)' 

(2.7 ± 0.8) X 10-3 (global, 1.4 mbar)' 


Ethylene 


C 2 H 4 


~ 3 X 10*3 molec cm ^ (non-auroral, p < 10 mbar)* 


Methylacetylene 


CH 3 C 2 H 


(1.1 ± 0.3) X 10*3 molec cm-^ (global, p < 10 mbar)' 


Propane 


C 3 H 8 


detected'3 


Diacetylene 


C 4 H 2 


(1.2 ± 0.3) X lO*'* molec cm-^ (global, p < 10 mbar)' 


Benzene 


CfiHs 


4.7(+2.1/— 1.1) X 10*3 molec cm-^ (global, p < 10 mbar)* 


Water 


H 2 O 


(1.4 ± 0.4) X 10*3 molec cm-^ (global, p 5 10 mbar)'; ~ 2 x 
10-3 (3-5 bar)®; subsaturated at p < 3 bar" 


Carbon monoxide 


CO 


(1 ± 0.3) X 10-'* (3 bar)* 


Carbon dioxide 


C 02 


(6.3 ± 1) X 10*"* molec cm-^ (global, p < 10 mbar)'" 



^Conrath and Gautier (2000). 
‘’Courtin et al. (1984). 
‘^Karkoschka and Tomasko (1992). 
‘^Lellouch et al. (2001). 

®de Graauw et al. (1997). 

^Noll and Larson (1990). 

®Orton et al. (2001). 

^Bezardetfl/. (1989). 

‘Moses et al. (2000a). 
JBezardefa/. (2001a). 
'‘Greathouse et al. (2003). 
'Bezardefa/. (2001b). 

■"Moses et al. (2000b). 
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3.1.3. Clouds and Aerosols 

Clouds on Saturn are expected to result from condensation of volatiles transported 
upward from deeper, warmer levels of the troposphere. Thus, a solid NH3 conden- 
sate cloud should form near or just above the 1-har level (Tomasko et al, 1984). 
Photochemical products, such as C2H2, form high in the atmosphere and can con- 
dense near the cold tropopause after being transported downward (Carlson et al . , 
1988). Photochemistry and condensation may also produce solid C4H2 or P2H4 
(West et al., 1986). The characterization of the spatial distribution of cloud and 
haze material and their properties is an important task of the CIRS investigation 
for several reasons. First, clouds and aerosols affect the observed radiances within 
several spectral regions; accounting for their opacities accurately is often required 
for the retrieval of temperatures and gaseous abundances from CIRS and other 
remote sensing data. They also play an important role in the radiative heating and 
cooling of the atmosphere. An interesting goal will be to determine whether any 
intermediate-term (between seasonal and diurnal) changes in cloud properties take 
place in regions which are in or have recently undergone ring shadowing. Finally, the 
spatial distribution of clouds and aerosols is diagnostic of chemistry and dynamical 
transport. 

CIRS spectra are most sensitive to particles greater than 1 /xm in radius. The 
influence of tropospheric clouds will be detected in regions of weakest gaseous ab- 
sorption. For the far infrared, a comparison of Voyager IRIS and radio occultation 
results (Conrath et al., 1984, see Section 3.1.1), for example, suggested that the in- 
fluence of tropospheric clouds was evident at frequencies less than about 250 cm“ ' , 
ordinarily a spectral region sensitive to temperatures near 800 mbar. Since this is 
probably within the region of the atmosphere dominated by small-scale thermally 
driven convection, variations of brightness below 250 cm“^ are probably indica- 
tive of cloud variability, rather than major changes in the temperature lapse rate 
(Section 3.1.4). The size of particles can be determined in this spectral range by 
inspecting the spectral extent of the cloud influence. Consider, for example, two 
clouds with equal opacity at 200 cm“', one cloud composed of l-/xm particles, 
and a second cloud with 100- /xm particles. While the first cloud may not influence 
the spectrum at wavenumbers less than 130 cm^^ the 100-/xm cloud affects the 
spectrum out to 80 cm^'. The distribution of these particles with altitude can be 
determined using observations at different emission angles. For instance, at a dis- 
tance of 4 Saturn radii, spectra obtained with the emission angle as large as 78° at 
the center of the 4-mrad FPl FOV will allow us to probe 1.6 pressure scale heights 
above emission detected from nadir observations. For such spectra, the airmass 
does not vary by more than 40% over the FOV, which is acceptable. Determination 
of the height dependence is particularly important to regions, such as the equator, 
where evidence for high cloud tops (Tomasko et al., 1984) requires attention to 
distinguishing carefully between temperature and cloud variability above the 600- 
mbar level, where temperature sounding is generally considered “safe” from cloud 
influences. 
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Observations with 15.5-cm“* resolution are acceptable for wavenumbers at or 
greater than 120 cm“^ and 3-cm“^ resolution for wavenumbers less than 120 cm“* 
in order to avoid confusion by significant absorption features of NH 3 or PH 3 . Figure 
5 shows that there is easily sufficient signal to accommodate these observations in 
rather short time intervals. 

CIRS spectra can also be used to probe particulate opacity in the mid-infrared, 
for instance, near 897 cm“ ^ (between C 2 H 6 emission and PH 3 absorption, cf. Figure 
3), near 1100 or 1180cm“* (a region of PH 3 andCH 4 /CH 3 D absorption), and near 
1392 cm“^ (where CH 4 and H 2 are the only gaseous absorbers). Information from 
these regions would provide an additional discriminator of particle size, allowing 
broader size distributions or multiple size distributions to be diagnosed. By virtue of 
the smaller FP3 and FP4 pixel sizes, it would facilitate cloud mapping at high spatial 
resolution, during nadir stratospheric temperature sounding maps, for example. It 
would permit cloud parameters to be determined with sufficient independence to 
separate the influences of clouds from temperature structure in the far infrared, 
allowing temperature sounding deeper than the 600-mbar level. 

Limb spectra taken for stratospheric temperature sounding can be examined 
for evidence of emission from condensates and aerosols, which often have slowly 
varying absorption spectra. We would ordinarily expect stratospheric particles to be 
sub-micron in size and have little influence on the spectrum, but the exponential de- 
pendence of the Planck function for the warm stratosphere in FP3 and FP4 provides 
an increased sensitivity to slowly varying “continuum” absorption at low optical 
thickness. Difficultly in reconciling simultaneous Voyager IRIS and radio occulta- 
tion results for latitude 30°S (Conrath et al. , 1984) could be explained by an emitting 
aerosol in the warm stratosphere (Section 3.1.1). Because the background is deep 
space, limb spectra would unambiguously probe the presence of such an aerosol. 



3.1.4. Atmospheric Structure and Circulation 

Temperatures and zonal winds. Meteorological studies of Saturn have been limited, 
because winds and temperatures have for the most part only been measured at and 
above the visible cloud tops. Wind velocities have been retrieved from tracking 
discrete cloud features wherever they appeared. The most detailed results have 
been from Voyager (Smith et aZ. , 198 1, 1982) and Hubble Space Telescope imaging 
observations (Barnet et al, 1992; Sanchez-Lavega et al, 2003). These indicate a 
pattern of zonal (i.e., east-west) currents roughly symmetric about the equator. In 
addition, there are several vortices and wave-like features. 

Remote- sensing thermal-infrared and radio-occultation data have provided the 
means to retrieve temperatures in the upper troposphere and stratosphere of Saturn, 
mostly above the clouds. The flyby of Pioneer 1 1 in 1979 provided the first radio 
occultation that allowed retrieval of a temperature profile in the tropopause region 
and stratosphere, from ~200 mbar to 2 mbar (Kliore et al , 1980). The two Voyager 
flybys in 1980 and 1981 yielded two additional radio occultations (each with a 
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recorded ingress and egress), which obtained temperatures from 1 mhar to as deep 
as the 1.3-har level, where the signal was extinguished hy NH3 absorption (Lindal 
et al , 1984). Infrared sounding has provided more extended spatial coverage, albeit 
with less vertical resolution, typically no better than 1 scale height. Ingersoll et al. 
(1984) summarize the earliest ground-based infrared studies, which had low spatial 
resolution. The Pioneer 11 infrared radiometer had two broad spectral bands at 
20 and 45 /xm, which provided information on upper-tropospheric temperatures at 
low latitudes (Orton and Ingersoll, 1980; Ingersoll et al, 1980). More extensive 
mapping of Saturn’s atmospheric temperatures was provided by infrared spectra 
measured by IRIS on the Voyager spacecraft. IRIS usually observed in the nadir- 
viewing mode (Figure 2), and it had a spectral range from 200 to 2500 cm“* (50 
to 4 /xm) and a uniform spectral resolution of 4.3 cm“*. Figure 10 illustrates 
typical vertical profiles of temperature retrieved from IRIS spectra. The radiances 
between 200 and 700 cm“^ lie within the S(0) and S(l) pressure-induced hydrogen 
rotation lines and part of the hydrogen translational continuum (Figure 3), and 
allow retrieval of temperatures in the troposphere and tropopause region between 
the 80 and 700 mhar levels. This is illustrated by the inversion kernels in the left 
panel of Figure 4. The radiances in the F4 band of CH4 (1200-1400 cm“^) permit 
retrieval of temperatures in the upper stratosphere near the 1 -mhar level. The spectra 
contain little information between 10 and 80 mhar, so the profiles wifhin fhis region 
are more or less an inferpolafion befween fhe bounding regions. The shape of fhe 




Figure 10. Vertical profiles of temperature for Saturn retrieved from Voyager IRIS observations, 
compared with Jupiter (Hanel et al., 1980). 
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22°N profile in Figure 10 is typical of mid northern latitudes during the Voyager 
encounters. It exhibits a well-defined troposphere (where temperature decreases 
with altitude) helow the 100-mhar level, overlain hy a well-defined stratosphere 
(where temperature increases with altitude), which is similar to the thermal structure 
seen in Jupiter’s atmosphere. The shape of the 13°N profile, on the other hand, 
typifies low latitudes and much of the southern hemisphere. It exhibits a distinct 
“knee” in the tropopause region. The cause of this shape difference has never been 
satisfactorily explained. 

IRIS spectra also allowed mapping of temperatures with latitude, at least in 
the troposphere and tropopause region. Figure 1 1 illustrates temperatures at three 
pressure levels. At the deepest level shown, 730 mbar, temperature exhibits little 
structure with latitude, except for a 4 K warm anomaly at mid northern latitudes, 
discussed earlier. With increasing altitude, the meridional variation in temperature 
exhibited a progressively more pronounced north-south asymmetry and a smaller- 
scale structure that is correlated with the meridional variation of zonal winds that 
have been inferred from tracking discrete cloud features (Smith et ai, 1981). The 
hemispheric asymmetry is probably a consequence of the radiative-thermal iner- 
tia of the upper troposphere and lower stratosphere. At 730 mbar, the relaxation 
time is long compared to a season, and little seasonal variation is expected. The 




LATinK>€(d*g) 

Figure 11. Saturn atmospheric temperatures at three pressure levels as function of latitude, derived 
from Voyager IRIS observations. The dashed curve in the southern hemisphere at the 150-mbar level is 
a reflection about the equator of the northern-hemisphere temperatures (Conrath and Pirraglia, 1983). 
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radiative relaxation time is 2 x 10^ s near 150 mbar, comparable to tbe seasonal 
time scale; the thermal response there is expected to lag that in radiative equilib- 
rium with the current solar forcing (Conrath and Pirraglia, 1983; Bezard et al, 
1984). The Voyagers flew by Saturn shortly after Saturn’s northern spring equinox, 
so the southern hemisphere should be warmer, which is what is observed. Two 
decades of ground-based observations of Saturn’s stratosphere at 7.7 /xm (1300 
cm“^) have also displayed a seasonal lag of this magnitude (Orton et al, 1989, 
2003). 

The wind and temperature fields in planetary atmospheres are dynamically cou- 
pled. In rotating systems, this gives rise to a diagnostic relation, the thermal wind 
equation, that relates horizontal temperature gradients to vertical shears in horizon- 
tal winds. For example, meridional gradients in temperature and zonal winds are 
related by (Holton, 1979): 



where p is pressure, A is latitude, r is radius, R the universal gas constant, jx is 
the molecular mass of Saturn’s atmosphere, ^2 — 1.66 x 10^^ s is the rotation rate 
of Saturn’s interior, assumed identical to the Saturn Kilometric Radiation rotation 
rate (Desch and Kaiser, 1981), T is temperature, and u is the zonal wind velocity. 
The thermal wind equation permits the largely two-dimensional wind field derived 
from cloud-tracked studies to be extended to higher altitudes. From (1), the smaller- 
scale undulations in the 150-mbar temperatures in Figure 11 imply a slow decay 
of the zonal winds with altitude, with a vertical decay scale ~5 pressure scale 
heights. Curiously, the decay in Saturn’s stratosphere is toward a state of uniform 
angular velocity that is eastward with respect to the interior rotation (Conrath and 
Pirraglia, 1983). The retrieved tropopause temperatures for all the giant planets 
imply a decay of the zonal currents, at least in the tropopause region. Application 
of a simple axially symmetric linear model, parameterized with Newtonian cooling 
and Rayleigh friction, indicates that the zonal winds in this region can be interpreted 
as the response of frictional and radiative damping to a zonal wind system that is 
forced at deeper levels. The mechanism providing the vertical decay is not known. 
In the earth’s middle atmosphere, momentum flux divergences associated with the 
decay of vertically propagating waves are known to be an important mechanism 
for damping zonal jets (see, e.g., Andrews et al, 1987). Alternatively, Orsolini and 
Leovy (1989, 1993a,b) and Pirraglia (1989) have interpreted the vertical decay of 
the jets as a natural consequence when a deep zonal flow in the quasi-adiabatic 
atmosphere extends upward to the more stably stratified upper troposphere and 
stratosphere. Instabilities in the wind field generate eddy fluxes that stabilize the 
zonal winds by acting as a drag force, establishing a vertical decay in the flow 
profile. 




( 1 ) 
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Detailed mapping of the temperatures and winds of the stratospheres of the 
giant planets has been limited or nonexistent. Ground-hased observations, using 
the V 4 -band of CH 4 , have not achieved good vertical resolution in the stratospheres, 
primarily because of telluric absorption. Voyager IRIS did not have this problem 
and had adequate spectral resolution to resolve vertical structure in the stratosphere 
better, but it lacked the sensitivity in the mid-infrared needed for global mapping. 
CIRS has both the requisite sensitivity and vertical resolution. The Cassini swingby 
of Jupiter in December 2000 has shown the complexity in the temperature and zonal- 
wind fields of that planet’s stratosphere. The zonal winds derived from the retrieved 
temperatures do not exhibit the monotonic decay with altitude that characterizes 
the tropopause region. Indeed, the zonal wind field exhibits a strong equatorial jet 
centered in the upper stratosphere at 4 mbar (Flasar et al, 2004), which may be 
driven by the stresses associated with vertically propagating waves (see below). 

At Saturn, CIRS gains two additional advantages. First, the orbital geometry 
afforded by the Cassini tour will allow a more complete thermal spatial mapping 
of Saturn’s atmosphere than previous spacecraft and ground-based observatories 
could provide. Second, at Saturn, CIRS can also acquire mid-infrared spectra on 
the limb, at least near periapsis, where the typical range is 3-6 Rs, and the FP3 
and FP4 pixel resolution is 1-2 scale heights. (CIRS spectra of Jupiter were largely 
limited to nadir-viewing observations, because of the 138 Rj swingby distance.) 
The inversion kernels in the right panel of Figure 4 indicate that limb spectra not 
only fill in fhe gap befween 10 and 80 mbar lefl by nadir specfra, buf can also exfend 
fhe range of alfifudes up fo fhe 0.01 -mbar level. Appendix A discusses fhe refrieval 
of afmospheric femperafures from CIRS specfra in more defail. 

Meridional circulations. Perhaps fhe besf-known meridional circulafion is fhe 
ferresfrial Hadley circulation, in which high-alfifude velocifies are poleward, and 
near-surface velocities equaforward (see, e.g., Lorenz, 1967). This is an example 
of a fhermally direcf circulafion: warm air near fhe equafor rises, and colder air al 
mid-laliludes sinks. While one may Ihink lhal radialive healing and cooling are fhe 
drivers of fhe Hadley circulafion, even in Ihis simple case friclion is necessary lo 
achieve a steady, balanced flow (see, e.g.. Held and Hou, 1980). The tendency of air 
parcels lo conserve axial angular momenlum and spin up or down, depending on 
whelher Ihey move poleward or equaforward, is balanced by friclional coupling lo 
fhe surface. More generally, ferresfrial meleorological sludies have indicaled lhal 
zonal-mean meridional circulalions are nol always fhermally direcf, and fhe zonal 
momenlum and heal deposition associaled wilh eddies and propagating waves are 
imporlanl in driving Ihese circulalions. However, for zonal-mean flows in fhermal 
wind balance (Equafion (1)), fhe forced meridional circulalions lend lo cancel 
fhe heal and momenlum Iransporls by fhe eddies/waves Ihemselves. In fhe limil in 
which fhe eddies/waves are conservalive - nol infernally forced by some inslabilily, 
nol subjecl lo dissipation or radiative damping - and sleady, fhe cancellation is 
complete and fhe nel effecl of eddy/wave forcing on fhe zonal-mean flow is zero 
(Charney and Drazin, 1961; Eliassen and Palm, 1961; Andrews et al., 1987). In 
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general, this limiting state is not fully realized. Nonetheless, it is the residual mean 
meridional circulation - the circulation with the eddy/wave fluxes of heat and 
momentum subtracted out - that is relevant for studies of the general circulation, 
because it, and not the zonal-mean Eulerian circulation, contains the relevant heat 
and momentum transports. Dunkerton (1978) has shown that the residual mean 
meridional circulation in the terrestrial stratosphere and mesosphere approximately 
corresponds to the Lagrangian circulation, which describes constituent transport. 

The terrestrial studies are based on very general concepts, and they should be 
applicable to the atmospheres of the giant planets, perhaps not so much in the 
deep tropospheres where convection and dissipation are important, but certainly at 
higher altitudes, near the tropopauses and in the stratospheres and mesospheres. 
CIRS spectra are well suited for probing the residual mean meridional circulations 
on Saturn in several ways: 

1. Gaseous and particulate tracers. CIRS will acquire maps of several gaseous 
constituents with good vertical resolution. The discussion in Section 3.1.2 noted 
that the departure of the H 2 para fraction from the local thermodynamic equilib- 
rium value is a good indicator of vertical Lagrangian velocities. The retrieved 
para fractions from Voyager IRIS spectra of Jupiter implied a simple global- 
scale circulation in the tropopause region, with upwelling at low latitudes and 
subsidence at high latitudes in both hemispheres (Conrath and Gierasch, 1984). 
The IRIS spectra implied planetary- sc ale spatial structure in the para fraction on 
Saturn, and CIRS will provide more detailed mapping with higher sensitivity. 

Gaseous NH 3 is another good tracer of motions, because it condenses and 
is not uniformly distributed. Zonal mean abundances at the ~700-mbar level, 
retrieved from IRIS spectra of Jupiter in the far infrared at 216 cm“' (Gierasch 
et al, 1986), showed a variation with latitude that was anti-correlated with tem- 
peratures, i.e., higher abundances occurred where the zonal-mean temperatures 
in the upper stratosphere were colder, an indicator of upwelling (see below). 
Using the more sensitive CIRS data in the mid-infrared near 1000 cm“^ from 
the Jupiter swingby, Achterberg et al. (2003) also concluded that enhanced zon- 
ally averaged NH 3 abundances were correlated with colder temperatures. IRIS 
Saturn spectra did not have an adequate SNR to permit NH 3 retrievals, but as 
noted earlier, this is not a problem for CIRS, which will obtain retrievals both in 
the mid- and far-infrared. PH 3 is also a good tracer, as noted earlier. 

Stratospheric hydrocarbons should provide a rich mix of motion indicators. 
Here the physics depends largely on the magnitude of the photochemical time 
constants relative to dynamical time scales. When the latter are smaller, lateral 
transports are efficient and constituent mole fractions should be laterally uniform. 
When the former are smaller, constituent abundances should be governed by pho- 
tochemical processes and exhibit strong latitude variations. Consider CiHg and 
C 2 H 2 . The loss time constants for photochemical destruction are ~50 years and 
1 year, respectively, near 10 mbar. Estimates of the dynamical turnover times for 
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the upper troposphere on Jupiter and Saturn, based on the temperature and para- 
hydrogen fields (see helow), are 70 years and 200 years, respectively (Conrath 
et at, 1998). They may he smaller at higher altitudes in the stratosphere. Re- 
trieved column abundances from CIRS nadir-viewing spectra of Jupiter indicate 
a meridional variation of stratospheric C 2 H 6 that is relatively flat, whereas the 
abundance of C 2 H 2 decreases from the equator toward both poles (Nixon et al . , 
2004). The latter variation makes sense, given the relatively short photochemical 
time constant of C 2 H 2 - The flat distribution of C 2 H 6 suggests that stratospheric 
mixing is strong enough that the turnover time is less than the photochemical 
time scale. The trend for more sluggish motions and longer turnover times on 
Saturn (Conrath et al. , 1998) suggests that C 2 H 6 may exhibit stronger meridional 
variations there. CIRS will be able to determine this. 

Condensates can be good indicators of vertical motions. Gierasch etal. (1986), 
analyzing Voyager IRIS data of Jupiter, found evidence of two cloud components. 
One of the components had optical depths that correlated well with the gaseous 
NH 3 abundance. The optical depths were also largest where temperatures in 
the upper troposphere were colder, indicating upward motions (see below). The 
subsequent spreading of aerosols after the Comet Shoemaker-Levy 9 impacts in 
Jupiter’s southern hemisphere has been used to infer the magnitude of meridional 
transport in Jupiter’s lower stratosphere (Friedson et al., 1999). Although the 
SL-9 impact provided an unusual injection of aerosols within a narrow latitude 
band, convective storms have been known to erupt and spread at low latitudes on 
Saturn Beebe et al., 1992; Barnet et al., 1992). The sensitivity of CIRS spectra 
to aerosols and condensates should complement their sensitivity to temperatures 
and help determine the circulations associated with these phenomena. 

2. Temperature and aerosol distribution. In terms of the mean residual meridional 
circulation, the heat equation is (Dunkerton, 1978, Andrews et al., 1987): 



where R and T have been defined for Equation (1), z is a vertical coordinate, 
Cp is the specific heat at constant pressure, 7/ is a mean scale height, To(z) is 
the horizontally averaged temperature profile, w is the vertical velocity, and J 
is the net radiative heating and cooling rate. The right-most term is a simplified 
parameterication of the radiative term in terms of a radiative equilibrium tem- 
perature and relaxation time, Xy. Equation (2) does not include the effects 
of heating associated with the lagged conversion between ortho- and para-H 2 - 
These can be included (Conrath et al., 1998), but they are less important in the 
stratosphere than in the upper troposphere, where temperatures are colder and 
the energy release larger. Equation (2) indicates that detailed measurements of 
the temperature field can serve as a good diagnostic of vertical motions. The 
mean temperature profile. To, is well known, and estimates can be made of the 
radiative heating/cooling. These can be simple parameterizations in terms of Xy, 
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which can he readily calculated if the infrared ahsorhers are known (Gierasch 
and Goody, 1969; Conrath et ai, 1998), or more detailed calculations can he 
made, using detailed radiative-transfer calculations and measurements of aerosol 
heating and cooling at infrared, visible, and ultraviolet wavelengths. 

Often the heat Equation (2) takes a particularly simple form. For instance if 
one studies the latitude variation in temperature at the tropopause on the scale 
of the zonal winds, one can assume didt — 0 to first order, since the winds are 
usually fairly steady. Then the balance in (2) is between the vertical advection 
term - representing adiabatic heating and cooling associated with vertical mo- 
tions - and the radiative term on the left hand side. Near the tropopause, Tf. is 
primarily due to infrared heating and cooling. Since temperatures in the upper 
troposphere are nearly uniform with latitude, as discussed earlier, the variation 
of Te with latitude is small. Hence, vertical velocities tend to track tempera- 
ture variations: colder temperatures indicate upwelling, warmer temperatures 
indicate subsidence (Conrath and Pirraglia, 1983). Saturn’s stratosphere has a 
hemispheric seasonal variation in temperature. If one wishes to analyze circu- 
lations on this temporal and spatial scale, then the dTIdt would be retained 
in (2). 

3. Potential vorticity (Ertel potential vorticity), 

de 

q ~ —g{2Q. sm A -h z • V x u) — (3) 

dp 

is conserved for single-component fluids when forcing and dissipation are rel^a- 
tively weak. The quantity 6 is the potential temperature: 9 — constant ~k Tp , 
g is the magnitude of the gravitational acceleration, and u is the (two- 
dimensional) horizontal velocity. In hydrogen atmospheres, the presence of 
ortho- and para- forms with lagged conversion means that there is a two- 
component fluid, varying spatially, and hence ^is not strictly conserved (Gierasch 
et ai, 2003). This conservation-breaking is probably less important in Saturn’s 
upper stratosphere. The attractive feature of (3) is that q can be computed solely 
from the temperature field, provided u is known at some reference level. In ter- 
restrial studies, the potential vorticity has proven to be a very useful tracer of 
atmospheric motions and dynamical processes. An example is the interaction of 
air masses within the circumpolar vortices with those at low latitudes (Hoskins 
et ai , 1985 ; Andrews et al. , 1987). The polar vortices are marked by sharp gradi- 
ents in q across their boundaries, and the distortion of the contours of constant q 
from quasi-circles about the pole can indicate stirring and ultimately irreversible 
mixing of low- and high-latitude air masses. Such vortices can be expected on 
the giant planets. Ground-based infrared observations of have identified a cold 
region in Jupiter’s arctic region that is likely associated with a strong circumpolar 
vortex (Orton et al., 2002). Similarly on Saturn, one may anticipate nearly dis- 
continuous changes in q across analogous features, including the ribbon feature 
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and the polar hexagon mentioned helow, and the detailed morphology of q may 

he indicative of fluid material transport across these features. 

Waves, eddies, and compact vortices. Voyager images of Saturn at visible 
wavelengths provided several examples of large-scale wave motion at mid and high 
latitudes, including the so-called ‘rihhon wave’ at around 40°N (Smith et al. , 1982; 
Sromovsky et al., 1983) and the ‘polar hexagon’ at around 70°N (Godfrey, 1988, 
1990). These wave-like flows appear to he unique to Saturn, and may represent a 
form of zonally propagating Rosshy wave in a “waveguide” produced hy the zonal 
mean flow itself. From sequences of Voyager images, Sromovsky et al. (1983) 
showed that the “rihhon wave” feature appeared to satisfy a dispersion relation 
that was roughly compatihle with that expected for Rosshy waves. Observations 
of the “polar hexagon” from Voyager were limited to a single set of images, 
revealing a remarkably symmetric pattern centered on a westerly jet at ~70°N 
with near-perfect six-fold symmetry about Saturn’s rotation axis. The hexagon 
appears to be associated with an adjacent compact, anticyclonic oval just south of 
it (Godfrey, 1988, 1990; Allison et al, 1990), and both have persisted and appear 
in later Hubble Space Telescope and ground-based observations (Caldwell et al . , 
1993; Sanchez-Lavega, 1993). Some support for this linkage comes from recent 
Hubble observations of Saturn’s south polar region, which show neither a hexagon 
nor an anticyclonic oval, although there is a moderately strong circumpolar jet 
(Sanchez-Lavega et al, 2002). However, much remains unclear about the origin 
and vertical structure of the ribbon and hexagonal waves. 

The evidence for Rosshy waves in Saturn’s atmosphere was reinforced by the 
detection of wave structure in the temperature field by Achterberg and Flasar (1996). 
They identified a planetary wavenumber-2 (i.e., two wavelengths around a latitude 
circle) feature in upper-tropospheric temperatures retrieved from Voyager IRIS 
spectra. The feature extended from 40°N to equatorial latitudes with nearly constant 
zonal phase. Achterberg and Flasar determined that the feature was quasi-stationary 
with respect to Saturn’s interior rotation, and they concluded the wave properties 
were most consistent with Rosshy- wave propagation. They suggested that the wave 
might be a meridionally trapped wave forced by a “critical-layer instability” at 
midlatitudes, where the (zero) zonal phase velocity of the wave matches the null in 
the latitude profile of the zonal wind. 

A problem that has existed for previous studies is the absence of planetary 
data sets with adequate horizontal and vertical coverage. CIRS is well equipped 
to provide this in a 4- year mapping mission, with its vertical coverage from both 
limb- and nadir-sounding. This is important, as waves are more easily identified 
when both horizontal and vertical wavelengths can be determined, as well as the 
horizontal tilts of the constant phase surfaces with altitude. These, together with 
phase velocities determined from time-lapsed observations, provide a probe of 
the propagation characteristics of the waves. It is logical to search for waves in the 
temperature field, but wave structure in gaseous constituent and aerosol distributions 
should also provide important diagnostics. 
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Although wave activity on Saturn is not yet adequately characterized, the mo- 
mentum transports associated with such waves are likely to be important in main- 
taining the zonal winds. One candidate is the strong prograde equatorial jet that 
has been observed in Voyager images. The jet is approximately four times the 
width and strength of the analogous feature on Jupiter, and its strongly prograde 
motion implies a considerable excess of axial angular momentum. Winds derived 
from HST images obtained a few weeks after the onset of the major 1990 equa- 
torial disturbance on Saturn indicated changes in the zonal mean winds and an 
enhancement in the zonal variance of the winds within the jet from those in the 
Voyager epoch (Barnet et at, 1992). Similar images from 1996-2002 indicate that 
Saturn’s equatorial jet has decreased to ~200 m s“\ one half its earlier value 
(Sanchez -Lavega et ai, 2003). An interesting question is whether this variability 
(and the onset of the 1990 “storm”) could have resulted from changes in the inter- 
action of the equatorial jet with upward-propagating equatorial planetary waves. 
This is an important source of cyclic variability in the Earth’s stratosphere (the 
Quasi-Biennial Oscillation or QBO, e.g., Andrews et al, 1987), where such oscil- 
lations have a characteristic signature in both the thermal structure of both the 
waves and zonal mean flow in the stratosphere. An analogous temporal oscil- 
lation in Jupiter’s stratosphere has been reported (Orton et al, 1991; Leovy et 
al, 1991), with a period of around 4 years. As noted earlier, CIRS mapping dur- 
ing the Cassini swingby of Jupiter showed a high-speed equatorial jet centered 
in the upper stratosphere (Flasar et al, 2004). Both the temporal oscillation and 
the spatial structure of the equatorial stratospheric zonal winds on Jupiter may 
be an atmospheric response to wave forcing. Temperatures retrieved from CIRS 
spectra will allow a systematic search for similar structure in Saturn’s equatorial 
stratosphere. 

Another important large-scale dynamical phenomenon observed in Saturn’s 
atmosphere is the occurrence of long-lived, predominantly anticyclonic compact 
oval vortices. Such features were found at mid- latitudes on Saturn in Voyager 
images (Smith et al, 1981, 1982), and appear to be the counterparts on Saturn 
of major long-lived vortices on Jupiter, such as the Great Red Spot and the 
White Ovals. On Jupiter, temperature measurements exhibited cold tropopauses 
over these features, indicating upwelling within the cores and subsidence in 
the surrounding environment (see, e.g., Flasar et al, 1981b; Conrath et al, 
1981). Voyager, on the other hand, obtained little information on the thermal and 
vertical structure of Saturn’s compact vortices. The possibility of obtaining near- 
simultaneous maps of temperatures and (from cloud-tracking) winds, allowing the 
computation of potential vorticity and maps of the concentrations of minor trace 
consituents in the vicinity of these features would provide information on the weak 
cross-isentropic Fagrangian circulation within these vortices. The latter could 
indicate the role and character of thermodynamic interactions with the buoyancy 
field within these vortices, and hence provide valuable insight into their origin and 
stability. 
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3.2. Titan 

Titan is Saturn’s largest satellite. At 2575 km, its radius is nearly half Earth’s. 
Since Comas Sola (1908) observed limh-darkening on Titan’s disk, its atmosphere 
has attracted the interest of astronomers. CH 4 was the first constituent identi- 
fied (Kuiper, 1944), from detection of its near-infrared bands. Further progress 
in characterizing Titan’s atmosphere remained in abeyance for nearly 30 years, 
until ground-based narrow-band radiometric observations, and later high-precision 
spectrophotometric observations, began and identified several other hydrocarbons 
- ethane (C 2 H 6 ), monodeuterated methane (CH 3 D), ethylene (C 2 H 4 ), and acetylene 
(C 2 H 2 ) - from their emission features in the thermal infrared (Gillett et al, 1973; 
Low and Rieke, 1974; Gillett, 1975; Tokunaga, 1980). A leap in the characteri- 
zation of Titan’s atmosphere occurred when the Voyager spacecraft flew through 
the Saturn system in 1980 and 1981. Molecular nitrogen (N 2 ) was determined to 
be the dominant atmospheric constituent, with CH 4 in second place at the few- 
percent level (Broadfoot et al., 1981; Hanel et al, 1981; Tyler et al, 1981). IRIS 
also detected numerous organics in its range of sensitivity, below 300 km, ex- 
panding the list of hydrocarbons previously identified and adding several nitriles 
(Table IV). Titan thus has a mid-reducing atmosphere that resembles Earth’s pri- 
mordial atmosphere in several respects (Clarke and Ferris, 1997), albeit much 
colder. Being rich in organics - nitriles and hydrocarbons - it forms a natural 
laboratory to study prebiotic chemistry (Hunten et al, 1984; Raulin and Owen, 
2003). 

Voyager provided the spatial resolution to characterize Titan’s meteorology for 
the first time. It is a mix of that on Venus and Earth. Like Venus, Titan is a slow 
rotator, and it has a global cyclostrophic zonal wind system, with stratospheric 
winds corresponding to an angular velocity ~10 times the surface rotation rate. 
However, its effective obliquity of 26° is much larger than Venus’ and comparable 
to Earth’s. Its stratospheric temperatures and winds should have large seasonal 
variations (Flasar et al, 1981a; Flasar, 1998b). Titan also has a strong circumpolar 
vortex in the stratosphere, with condensed nitriles and enhanced hazes in the polar 
region. It may thus have an interaction of chemistry, condensation microphysics, 
and dynamical transport that is as complex as that in the terrestrial ozone hole in the 
Antarctic (Flasar, 1998a; Samuelson and Mayo, 1997). Finally, Titan likely has a 
“hydrological” cycle with cumulus convection, but involving CH 4 , not H 2 O (Awal 
and Lunine, 1994). There may be reservoirs of liquefied natural gas to drive the 
cycle, if not as global oceans, then as more localized lakes, perhaps subterranean 
(Lunine et al, 1983; Dubouloz et al, 1989). Voyager IRIS was a major player 
in elucidating the atmospheric composition and meteorology of Titan. CIRS is 
well equipped to extend this work substantively. Table V lists major scientific 
objectives for Titan, the physical variables that can be retrieved from CIRS spectra, 
and relevant measurement sequences, which are discussed in Section 4.3. 



TABLE IV 

Atmospheric composition of Titan. 
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TABLE V 

Titan science and measurement objectives and observations. 



Science objective 


CIRS categories: Retrieved 
physical parameters 


Observations 


Formation and evolution 
Volatiles 


CH4 


Mid-IR nadir maps, fai-IR nadir 


Isotopes 


CH3D, '3CH4, 


integrations and limb scans 
Mid- and far-IR nadir and limb 




h'^cn 


integrations 


Atmospheric gas composition 




Photochemical cycle 


Hydrocarbons (C2H2, C2H4, 


Mid-IR nadir maps and 




C2H6, C3H4, C3H8, 


integrations, far-IR nadir 




C4H2,. . . ) and nitriles (HCN, 


integrations, mid- and far-IR 




HC3N, CH3CN, C2N2...), 


limb integrations 


Oxygen compounds 


including new species (CH3, 
C6H6,CH2=C=CH2,...) 
CO, H2O, CO2 


Far-IR limb integrations (CO 


New species/ 


H2CO,. . . 


and H2O), mid-IR limb and 
nadir maps (CO2) 

Mid- and far-IR nadir and limb 


organics 




integrations 


Aerosols and condensates 
Tropospheric clouds 


CH4,... 


Far-IR nadir integrations and 


Stratospheric 


C4N2, HC3N,. . . 


scans 

Mid- and far-IR limb 


condensates 




integrations 


Stratospheric 


Far-IR haze properties 


Mid-IR limb maps, far-IR limb 


aerosols 




scans 


Atmospheric structure 
Temperature, 


Temperature field 


Mid-IR nadir and limb maps. 


pressure, density 




far-IR nadir and limb scans 


Circulation 
Zonal winds 


Thermal winds 


Mid-IR nadir and limb maps. 


Meridional motions 


Constituent tracers 


far-IR nadir and limb scans 
Mid-IR nadir and limb 




Aerosols/diabatic heating and 


integrations, far-IR nadir and 
limb integrations 
Mid-IR nadir and limb maps. 




cooling 


far-IR nadir and limb scans 




Potential vorticity (temperature 


Mid-IR nadir and limb maps. 




field) 


far-IR nadir and limb scans 


Waves and eddies 


Temperature and comp fields. 


” 


Surface 

Structure 


variances 

Temperature 


Far-IR nadir and limb scans 
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3.2.1. Formation and Evolution 

Volatiles - Methane. Aside from argon, which only has an upper limit placed on 
its abundance, CH 4 is the most common atmospheric constituent after N 2 (Ta- 
ble IV), and a key question is why it is present to the degree observed. Photolytic 
and catalytic dissociation would deplete the atmospheric inventory of CH 4 in only 
10 million years (Strobel, 1982). The logical source to replenish the atmospheric 
CH 4 is Titan’s surface or its interior, but how this occurs is not known. If a sur- 
face reservoir, the liquid is not likely to be pure CH 4 (Flasar, 1983), but instead 
liquefied natural gas (CH 4 , C 2 H 6 , C 3 H 8 , . . . , N 2 ), with C 2 H 6 as one of the major 
components (Lunine et al, 1983; Dubouloz et al, 1989). C 2 H 6 and other hy- 
drocarbons, produced by CH 4 dissociation in the upper atmosphere, end up at 
the surface by rainout after condensing in the lower stratosphere (Maguire et al . , 
1981). Radar reflectivity studies (Muhleman et al, 1990), however, are not consis- 
tent with a global ocean of liquefied natural gas. In addition, near-infrared spec- 
troscopy and imaging indicate bright and dark albedo features that are fixed in 
location, suggesting a mostly solid surface (Lemmon et al., 1993; Smith et al., 
1996b; Combes et al., 1997; Meier et al., 2000; Coustenis et al., 2001; Roe et 
al., 2002; Gendron et al., 2004). Recent spectroscopic studies have indicated that 
water ice is extensively exposed (Griffith et al., 2003). An ocean basin-continent 
configuration similar to Earth’s also poses difficulties. It would efficiently circular- 
ize Titan’s orbit by tidal dissipation, which is inconsistent with the observed 3% 
orbital eccentricity (Sagan and Dermott, 1982; Sears, 1995; Dermott and Sagan, 
1995). Hence, surface reservoirs are likely to be localized lakes or even stored 
in the regolith (Lunine, 1993). Lorenz et al. (1997) have suggested that the at- 
mospheric CH 4 abundance is episodic, with periods of depletion and enhanced 
outgassing. Atmospheric CH 4 should vary spatially, not only from a possible het- 
erogeneous source distribution, but also because it can condense in the troposphere. 
CIRS observations can determine the distribution of both tropospheric and strato- 
spheric CH 4 , thereby providing some clues to its source and also its transport in the 
atmosphere. 

Information on the distribution of tropospheric CH 4 follows from an analysis of 
the collision-induced spectrum of CH 4 at 150-600 cm“ * , using temperature profiles 
independently retrieved from radio occultation soundings. The combined method 
works because the far-infrared spectra and the temperatures retrieved from the radio 
occultations depend differently on the vertical distribution of CH 4 . The technique 
is fairly involved, and we refer the reader to Courtin et al. ( 1995), Samuelson et al. 
(1997b), and the review by Llasar (1998a) for details. Samuelson et al., derived a 
CH 4 mole fraction near the equator ~0.06, which decreased with latitude in both 
hemispheres, by a factor of 3 near 60°. They used Voyager IRIS spectra and the 
temperatures retrieved from Voyager radio occultation soundings. The latter were 
equatorial, so they had to assume that the general shape of the temperature profile 
af other latitudes remained similar to the low-latitude temperature profiles. Both 
Courtin et al. (1995) and Samuelson et al. (1997b) found that plausible opacities 
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from tropospheric gases and condensates were not sufficient to account for the 
observed spectral radiances, unless CH 4 was supersaturated hy 50-100% in the 
middle and upper troposphere. Otherwise the brightness temperatures in the far- 
infrared portion of synthetic spectra would be too high compared to the observations, 
indicating that the emission level was too deep in the troposphere. However, the 
limited spatial coverage by IRIS and the existence of only one radio occultation 
sounding, with both ingress and egress were at equatorial latitudes, were a major 
impediment to these analyses. The mapping capability of CIRS, combined with 
several radio-occultation soundings by Cassini at different latitudes, will make this 
approach more viable. 

Stratospheric CH 4 can be retrieved using CIRS spectra alone obtained with 
both nadir- and limb-viewing geometries. Figure 12 depicts the inversion kernels 
for temperature retrieval in Titan’s atmosphere. These derive from the far-infrared 
portion of the spectrum in which pressure-induced absorption by N 2 dominates, 
and from the mid-infrared part of the spectrum near 1300 cm“^ in the V 4 band of 
CH 4 . The situation is similar to that discussed earlier for Saturn (Section 3.1.1). The 
partial overlap of the far-infrared inversion kernels in the limb-viewing mode and 
with those in the mid-infrared in the nadir-viewing mode allows the simultaneous 

Titan Temperature-Inversion Kernels 



Nadir Limb 




Normalized Kernel Normalized Kernel 

Figure 12. Inversion kernels for temperature sounding of Titan. The kernels for limb viewing have 
been convolved with a finite FOV have been convolved with a finite FOV approximated as a Gaussian, 
whose full width at the 1/e points, projected onto the horizon, equals one scale height. 
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Figure 13. Synthetic far infrared limb spectrum between 60 and 140 cm“* of Titan at 70°N, under 
conditions observed by Voyager near N. spring equinox. The limb-tangent height is the 10-mbar 
level. The spectrum contains the rotational lines of CH 4 , HCN, and H 2 O, seen in emission from the 
stratosphere, overlying the pressure-induced continuum of N 2 . The NESR (Section 5.6.1) is shown for 
a single scan. The figure depicts the 1-cr error bar corresponding to an average of 4 scans, indicating 
the accuracy with which the CH 4 abundance can be retrieved. 



retrieval of temperature and the mole fraction of gaseous CH 4 near 4 mbar. The 
retrieval is discussed in greater detail in Appendix A. An alternate method entails 
the use of the rotational lines of CH 4 in the far infrared at 60-140 cm“'. Figure 13 
illustrates this region of the spectrum viewed on Titan’s limb, with a tangent point at 
the 10-mbar level. The optically thin rotational lines ride on the N 2 pressure-induced 
“continuum.” Hence, temperature can be retrieved (as discussed in Section 3.2.4 
and Appendix A) by using the radiances in the spectrum between the rotational 
lines, and temperature and CH 4 abundance can be retrieved unambiguously. To 
observe the narrow rotational lines, spaced ~10 cm“* apart, a moderately high 
resolution is needed. Figure 13 corresponds to the full apodized CIRS resolution 
(0.5 cm“*). In Figure 14, the CH 4 emission probes the 10-mbar level; however, the 
lines will also be visible in nadir-viewing spectra, and those can probe CH 4 in this 
region down to 20 mbar. 

An unambiguous retrieval of stratospheric CH 4 has never been done. Dynamical 
overturning times are short compared to the timescale for CH 4 dissociation (see 
Flasar, 1998a), and this would suggest that it is well mixed in the stratosphere. How- 
ever, CH 4 condenses in the troposphere, and transport between the troposphere and 
stratosphere is poorly understood. The best fit of currently available data indicates 
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Figure 14. Synthetic nadir Titan spectrum at 10-200 cm with viewing at an emission angle of 
48°. Brightness temperatures are depicted for clarity in viewing rotational lines of H'^CN, CO, CH 4 , 
H'^CN, and H 2 O (Coustenis et al, 1993). 



that the CH 4 mole fraction varies between 0.5 and 3.4% above the cold trap (Ta- 
ble IV), although recent studies tend to constrain this value even more (1.0-1.7%). 
Determining the vertical and horizontal distribution of CH 4 is critical for under- 
standing several key atmospheric processes on Titan, and it is a major goal of CIRS 
measurements. 

Isotopes. Other evidence in addition to CH 4 replenishment requires that the bulk 
of Titan’s atmosphere must have outgassed from its interior. Had the atmosphere 
been captured directly from the gas in the solar nebula, one would expect twice as 
many neon atoms as N 2 molecules, which is not the case (Owen, 1982). Recent 
studies of carbon and nitrogen isotopes of HCN in Titan’s atmosphere support this 
idea. From millimeter measurements, Hidayat et al. (1997) have shown that the ratio 
[^^C]/[^^C] in HCN lies between 0.008 and 0.014 and equals the terrestrial-solar 
value within the uncertainties of the measurements. However, Marten et al. (1997) 
and Meier et al. (1997) have found that the ratio is greater than four times 

the terrestrial-solar value; more recently Marten et al. (2002) have found a ratio of 
4.2. This fractionation implies a huge loss of nitrogen from Titan - 30 to 45 bars - 
much of which may have escaped from the satellite as a result of intense, early solar 
activity (Lunine et al., 1999; Lammer et al, 2000; Lammer and Bauer, 2003). If 
nitrogen has been escaping, carbon (and oxygen from CO) should have gone with 
it. The absence of a comparable fractionation of the carbon isotopes implies a large 
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reservoir of methane, or some other hydrocarbons, from which atmospheric CH 4 
is continually replenished. 

Rapid exchange of C between CH 4 and CO prevents enrichment of in CO as 
well (Wong et al, 2002). Oxygen has been escaping, however, as demonstrated by 
the fact that '*^0/^^0 ~ twice the terrestrial value in CO (Owen et al., 1999a; Wong 
et al, 2002). The lower enrichment for ^*^0 compared with is presumably the 
result of an influx of oxygen from the outside (see below). 

The far infrared is fertile ground for probing the carbon isotopes of HCN. Figure 
14 illustrates a nadir- viewing spectrum between 10 and 200 cm^'. The far-infrared 
rotational lines are all optically thin, and they sit on the N 2 pressure-induced contin- 
uum emission from the lower stratosphere and upper troposphere. The differences in 
the amplitudes of the lines of H^^CN and H^^CN are strictly attributable to their rel- 
ative abundances. The line-formation region for both isotopes is 10-20 mbar. Hence 
CIRS should be able to retrieve [^^C]/[*^C] in the far infrared to a much higher accu- 
racy than previously available. CIRS can also observe the ratio in the isotopic forms 
of CH 4 and C 2 H 6 (Orton, 1992). As noted earlier for Saturn, the ability to observe 
^^C in both parent (CH4) and daughter (C 2 H 6 , HCN) molecules simultaneously 
may provide insight into any fractionation processes that have occurred. 

The indirect evidence for a large internal reservoir to replenish atmospheric CH 4 
suggests that the present ratio of atmospheric [D]/[H] should represent the value 
corresponding to the inventory of this reservoir, rather than a value determined 
by fractionation in the atmosphere itself. The abundance of atmospheric H 2 is too 
small to detect the rotational lines of HD in CIRS spectra, as can be done on Saturn. 
The same applies to H 2 O and HDO (see below). However, the [CH 3 D]/[CH 4 ] ratio 
can be determined from the Q-branches of CH 3 D and CH 4 near 1150 cm“* and 
1300 cm“\ respectively. From Voyager IRIS data a value of 1. X 10 was 
found for [D]/[H] in CH 4 (Coustenis et al. , 1989b), recently revised from ISO/SWS 
disk-averaged spectra to something about 2 times less: g x 10“^ (Coustenis 

et al., 2003). Mousis et al. (2002) argued that this value is representative of the 
[D]/[H] ratio in methane trapped in crystalline ice in the solar nebula at 10 AU. If 
correct, this would constrain the value of [D]/[H] in methane in the presolar cloud. 
The high sensitivity of the CIRS detectors in this region (Figure 37) will permit an 
improved determination of this ratio in CH 4 . 

3.2.2. Atmospheric Composition 

Hydrocarbons and nitriles. Titan’s atmosphere has an active photochemical cycle. 
Photolytic and catalytic dissociation of CH 4 in the upper atmosphere (mainly above 
700 km altitude) lead to the formation of C 2 H 6 , C 2 H 2 , and higher-order hydrocar- 
bons, including the polyacetylenes and organic oligomers thought to make up the 
brownish haze observed at visible wavelengths. The concomitant dissociation of 
N 2 by photolysis above 800 km and cosmic ray impact in the ~100 km region 
leads to the production of nitriles, e.g., HCN, HC 3 N, C 2 N 2 (see, e.g., Lara et al, 
1996). Most of the hydrocarbons and nitriles condense (Maguire et al., 1981) in 
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the lower stratosphere and tropopause region, where temperatures are coldest, as 
low as '^ll K, and precipitate to the surface. As noted earlier, this and the relative 
ease with which hydrogen, freed in the dissociation cycle, can escape from the 
atmosphere, ensures that the total inventory of atmospheric CH 4 is irreversihly lost 
in 10 million years in the absence of a source (Strohel, 1982). 

The spatial distrihution of the hydrocarbons and nitriles is a product of the 
coupling of photochemical processes and condensation with atmospheric transport. 
Voyager IRIS spectra indicated an enhancement of hydrocarbons (other than CH 4 ) 
and nitriles at high northern latitudes (Hanel et at, 1981; Kunde et al, 1981; 
Maguire et al, 1981; Samuelson et al, 1983; Coustenis et ah, 1991: Coustenis 
and Bezard, 1995). Figure 15 illustrates the relative prominence of emission from 
these species at these latitudes. Note that they are most distinct in the limb-viewing 




Figure 15. Voyager IRIS infrared spectrum of northern latitudes of Titan showing spectral emission 
features from hydrocarbons and nitriles. 
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spectrum, which is freer of the underlying continuum from the troposphere. For 
several of these (C 2 H 4 , C 3 H 4 , C 4 H 2 , HCN, HC 3 N, and C 2 N 2 ), the enhancement 
was a factor of 10 or greater (Coustenis et at, 1991; Coustenis and Bezard, 1995). 
The temperatures retrieved at high northern latitudes are cold, suggesting strong 
circumpolar winds that may inhibit meridional transport between low and high 
latitudes (see below). Some information on the vertical profiles of the hydrocarbons 
and nitriles in the north polar region was available from the few IRIS limb spectra 
obtained, but these were fairly coarse, with 200-km altitude resolution. Several 
species, including all the aforementioned nitriles, showed a marked increase with 
altitude, at least in the region of sensitivity, ~ 1 mbar to 0. 1 mbar (Coustenis et al . , 
1991). Although the ISO/SWS had higher sensitivity and spectral resolution than 
IRIS (0.3-0.8 cm“', comparable to that of CIRS), and detected new molecules, 
such as H 2 O (Coustenis et al, 1998) and - tentatively - benzene (CgHg; Coustenis 
et al, 2003), it was only capable of obtaining disk-average Titan spectra. As a 
consequence, it missed two of the nitriles that IRIS had detected (C 2 N 2 , and C 4 N 2 ). 
Adequate spatial resolution is key to studying these compounds. 

The IRIS coverage of Titan was limited, and the vertical and horizontal distribu- 
tion of the hydrocarbons and nitriles can be better retrieved from CIRS limb- and 
nadir-viewing spectra. Figure 16a shows a synthetic limb spectrum for a portion of 
the FP3 band pass at 3 cm“* resolution. This spectrum was computed for conditions 
representative of the high northern latitudes (70°N) during the Voyager encounter. 
The strong emission features seen from the hydrocarbons C 2 H 2 , C 2 H 6 , C 2 H 4 , C 3 H 4 , 
C 3 Hg, C 4 H 2 and nitriles HCN and HC 3 N will be used to determine vertical profiles 
of these gases. For example. Figure 17 illustrates the limb contribution functions 
for C 2 H 2 , C 2 H 6 , and HCN. These show good altitude coverage from 100^00 km. 
Adequate SNRs exist to map many of the strong species on the limb in 10 s time 
steps. Weaker features, such as C 2 H 4 and C 3 Hg, will require time averages of about 
250 s (25 spectra). Although the nadir mapping will have somewhat lower vertical 
resolution and more limited vertical coverage, it will generally be executed further 
from Titan and therefore will provide more complete horizontal coverage (Sec- 
tion 4.3). Figure 16b shows a synthetic nadir spectrum for FP3 at 3 cm“* spectral 
resolution, computed for conditions representative of Titan’s equatorial region. The 
figure indicates that averaging over 16 scans (2.7 min) provides adequate SNR to 
determine the abundance of the weaker emission features, such as C 2 H 4 and C 3 H 8 . 

Oxygen compounds. The observed distribution of CO, CO 2 , and H 2 O bears on 
the question of whether oxygen in Titan’s atmosphere has a primordial or external 
origin, or both. 

Currently, there is some question on the spatial uniformity of CO in the tro- 
posphere and stratosphere (Table IV). A tropospheric value, q = 6 x 10“^, was 
inferred from spectra near 1.6 /xm (Lutz et al, 1983). Recent 5-/xm spectra has in- 
dicated a tropospheric mole fraction q = 3.2 ± 1.0 x 10“^ (Lellouch et al, 2003). 
In the stratosphere, observations of the 1 15-GHz CO 1-0 rotational line by Marten 
et al (1988) suggested a CO mole fraction, q = x 10“®. Later observations of 
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(a) CIRS FP3 Sensitivity - Titan 70 N. Latitude, Limb Viewing 




Wavenumber (cm"’) 



(b) 




Figure 16. (a) Synthetic mid infrared spectrum (3.0 cm“') for FP3 for Titan limb viewing. The 
NESR is shown for a single FP3 pixel for a single-scan 10-s integration time. The 1-cr error bars are 
indicated for both 1 and 25 scans, (b) Synthetic mid infrared spectrum (3.0 cm“*) for FP3 for Titan 
nadir viewing. The NESR for a single pixel and a single scan is indicated. The 1 -ct error bars are 
shown for both I and 16 scans. 
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the 1 15 GHz line by Gurwell and Muhleman (1995) indicate a much higher strato- 
spheric abundance, ^ = 5±lx 10“^. Hidayatet a/. (1998) used observations at 115 
GHz and several other lines of and in the millimeter and submillimeter 
range, to retrieve a vertical profile of CO above the tropopause. They concluded 
that q = 2.9)')o 5 ^ 60-km altitude, decreasing to q — 2.4 ± 0.5 x 10“^ 

at 175 km, and falling to ^ x 10“® at 350 km. The 60-km number is 

in agreement with Lellouch et al. but are smaller than those found by Gurwell 
and Muhleman, Lellouch et al. (2003) enphasize that with the observed influx of 
H 2 O of 3 X 10^ cm ^ s and a mixing ratio of 30 ppm, CO on Titan is not in 
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Figure 17. (a, b, c) Contribution functions for C2H2, C2H6 and HCN for limb and nadir viewing 
of Titan. The limb contribution functions have been convolved with a finite FOV whose full width 
projected onto the horizon equals one scale height. 
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(b) 




Figure 17. {Continued) 



equilibrium and must experience continuous loss, reminiscent of CH 4 . Replace- 
ment may come through cometary or interplanetary dust-particle impacts, or from 
internal sources. A depleted stratospheric abundance would suggest CO outgassing 
as the current source, although it would seem difficult to reconcile any nonunifor- 
mity with the fact that CO does not condense in Titan’s atmosphere and dynamical 
overturning times that are much shorter than the timescales associated with pho- 
tochemical destruction (Samuelson et al, 1983). Alternatively, Samuelson et al. 
(1983) have suggested that the source of atmospheric CO is the influx of meteoric 
water that is photodissociated to form OH, which ultimately recombines with CO 
to form CO 2 and escaping hydrogen atoms. In their model, the observed abundance 
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Figure 17. {Continued) 



of CO 2 is regulated by condensation at the cold trap near the tropopause. Further 
progress in understanding the oxygen inventory of Titan requires better definition 
of the abundance and spatial distribution of the oxygen-bearing compounds in its 
atmosphere. 

CIRS spectra in the far infrared can settle the issue of whether CO is depleted in 
the stratosphere. A synthetic limb spectrum for FPl at 0.5 cm“' spectral resolution, 
shown in Figure 18, illustrates the rotational line emission of CO. This spectrum 
was computed for a limb tangent height of 125 km (~3 mbar), assuming 24 parts 
per million CO. The solid line is with CO emission, and the dotted line is without. 
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Wavenumber (cm*') 

Figure 18. Synthetic far infrared spectrum (0.5 cm"^) in FPl for Titan limb viewing. The vertical 
profile of CO will be retrieved from the emission lines shown. Near 38.5 cm“*, the CO and HCN 
emission are blended together, but all the emission lines can be used if both species are retrieved 
simultaneously. 



The strongest relatively isolated CO lines are shown in the figure. The CO lines are 
intrinsically weak, and cannot he observed in an individual spectrum; an average of 
about 100 scans (87 min) at a specified altitude is needed to obtain the NESR and 
1 -CT error shown. Limb viewing in the far-infrared must be done relatively close to 
Titan, within two hours of closest approach, for adequate vertical resolution. With 
the limited time available for this, the CO abundance will not be globally mapped 
in the limb mode, but at several latitudes from pole to pole. Nadir integrations, 
performed at greater distances, offer better horizontal coverage, although no vertical 
structure will be retrieved, only a column abundance down to the lower stratosphere. 
Although the line-to-continuum ratio is smaller than for limb-viewing, a 90-min 
integration at 1.5-2 air masses is sufficient to detect the CO lines. 

CO 2 was first detected in Voyager IRIS nadir-viewing spectra from emission in 
the V 2 Q branch at 667 cm“\ (Samuelson et al., 1983). The line-formation region 
is centered near 10 mbar (Coustenis et al, 1989a), but otherwise the nadir-viewing 
observations provided little information on the vertical distribution. Depending 
on the vertical distribution assumed, estimates of the average mole fraction in the 
stratosphere range from 1 .5 x 10“^ to 1.4 x 10“^ (Samuelson eta/., 1983; Coustenis 
et al, 1989a). A value slightly higher than this range (2 x 10“^) was derived from 
ISO high-resolution measurements, in which the CO 2 contribution was separated 
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from HC 3 N (Coustenis et al, 2003; see also Table IV). This analysis assumed a 
stratospheric mixing ratio that was uniform with height. The IRIS spectra suggested 
that CO 2 was depleted in the north polar region (Coustenis et al, 1991). However, 
the retrieval was complicated by the blending of the 667 cm^* CO 2 emission with 
that from HC 3 N, which was enhanced at high northern latitudes during the Voyager 
flybys. Because CO 2 is photochemically active and condenses near the tropopause 
(Samuelson et al , 1983), it can vary both vertically and laterally. CIRS observations 
will better characterize the spatial distribution of CO 2 . The vertical distribution of 
CO 2 can be determined from limb-viewing spectra. Figure 1 6a illustrates a spectrum 
characteristic of Titan’s north polar region under Voyager conditions. The proximity 
of HC 3 N and CO 2 emission is evident. However, with 25 spectra averaged at 3 cm“* 
resolution (corresponding to a measurement time of 4.2 min), the SNR is adequate 
to separate the two features. Figure 16b illustrates that CO 2 can also be detected 
in a nadir-viewing average of 16 spectra over the same wavenumber range, under 
equatorial conditions. 

Recent ISO/SWS observations in the grating mode have identified water vapor 
(Coustenis et al, 1998). The distribution of H 2 O can be determined from its ro- 
tational lines in the FPl spectrum. ISO measured the emission at two rotational 
lines at 227.8 and 253.9 cm“^ to derive an H 2 O mole fraction of 8 x 10“^ at 
the 400-km level in Titan’s stratosphere. CIRS will use the stronger H 2 O lines in 
the 80-160 cm“* range; some of these are shown in Figure 19. These lines are 




Figure 19. Synthetic mid infrared spectrum (0.5 cm * ) for FPl for Titan limb viewing. The vertical 
profile of H 2 O will be retrieved from the H 2 O emission lines. 
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relatively weak, and cannot be observed in an individual spectrum; an average of 
about 100 scans (87 min) is needed to achieve tbe NESR and 1-cr error bar shown in 
Figure 19. 

New Species. With its unique combination of high spectral and spatial resolution, 
CIRS is uniquely qualified to search for compounds that were not detected in the 
Voyager or ISO spectra. Some of the more complex nitriles and hydrocarbons 
detected by Voyager, which had lower spectral resolution than ISO or CIRS, but 
better spatial resolution than ISO, were only found over a limited range of latitudes 
(the north polar region at the northern spring epoch of Voyager observations), and 
some were only seen at grazing incidence and high air mass. 

For the possibility to detecting as yet unobserved molecules on Titan (Table 
VI) see the studies in Coustenis et al. (1993) and Coustenis et al. (2003). One 
important targeted species is the methyl radical, CH 3 , discussed earlier for Saturn. 
This species has a strong emission band at 606 cm“ ^ (in FP3) ; its location is given in 
Figure 16a. Although methyl acetylene (CH 3 C 2 H) - propyne - has previously been 
observed on Titan (Table IV), the isomer allene (CH 2 =C=CH 2 ) has not. Allene 
has emission bands at 353 cm“' (in FPl) and 845 cm“' (in FP3). The 353 cm“* 
band is seven times weaker than the 845 cm“ ^ band, but it is more easily detectable 
because it is more isolated, whereas the latter is blended with ethane features. 

Extrapolation of the data from laboratory simulation experiments to conditions 
on Titan suggests that several organic compounds unstable at room temperature 
can be formed only at the low temperatures of Titan’s stratosphere. Faboratory 
experiments simulating the gas phase synthesis of organic compounds indicate that 
quite complex nitrogen-containing organics are produced in a N 2 -CH 4 atmosphere. 
A few of the most abundant (yet undetected on Titan) are propionitrile, C 2 H 5 -CN, 
acrylonitrile, CH 2 =CH-CN, cyanopropyne, CH 3 -C=C-CN; also polynes such as 
CeH 2 and CgH 2 and cyanopolynes, such as HC 5 N (Thompson, et al, 1991; de 
Vanssay et al, 1995; Coll et al, 1997). Other thermally unstable compounds such 
as CH 3 NC, CH 2 N 2 and CH 3 N 2 should also he present in Titan’s atmosphere. All 
these compounds have relatively strong signatures in the spectral ranges of the three 
CIRS focal planes, including at low temperatures (Cerceau et al, 1985; Raulin et 
al, 1990; Khlih and Raulin, 1991, 1992; Delpech et al, 1994; Nishio et al, 1995; 
Shindo et al, 2001a,b; Shindo, 2002) - see Table VI. Although some have IR 
bands interfering with those of other (known) constituents, the 0.5 cm^' resolution 
of CIRS will permit their separation, and allow their detection or the establishment 
of upper limits. Detection of even one of these compounds and/or the determination 
of reduced upper limits would he extremely important to establish key pathways in 
the synthesis of prebiotic compounds. 

CIRS can also search for new oxygen-bearing compounds, such as formaldehyde 
(CH 2 O), or oxyrane (C 2 H 4 O), which is the most abundant o-organics produced in 
laboratory experiments simulating Titan’s atmosphere chemistry (Coll et al , 2003). 
The identihcation of these species can place constraints on evolutionary models of 
Titan and its atmosphere. Furthermore, CH 2 O is a prebiotic organic, and its detection 



COMPOSITE INFRARED SPECTROMETER 



225 



TABLE VI 

Some organics, as yet unobserved on Titan in the thermal IR, hut potentially observable with 
CIRS and their deduced upper limits in Titan’s atmosphere from previous ohservations. 



Studied compounds 


Strongest signatures 


Upper limit of mean mixing 
ratio in Titan’s stratosphere 


Frequency 

(cm“^) 


Band strength at 
300K(cm-2 atm-^) 


using Voyager 
IRIS spectra 


using ISO disk- 
average data 


Hydrocarbons 










CH 2 CCH 2 


356 


65 


5 X 10-’“ 


2 X 10-’" 




845 


407 






C 4 H 4 


629 


288 


7 X 10-'"' 




CsHj 


622 


428 


4.4 xl0-'“ 




CgH 2 


621.5 


496 


4 xlO 




Nitriles 










CH 3 CN 


362> 


4.4 






CH 2 CHCN 


230 


10 


8.4 X 10 *8 


<5 X 10 




954 


100 






CH 3 CH 2 CN 


207 


15 


2.5 X 10-’“ 


< 1 X 10-'"* 




1075 


37 






CH 3 CH 2 CH 2 CN 


728/742 


3.5 


5 X 10-’“ 




(CH 3 ) 2 CHCN 


538 


3.3 


2 X 10-’“ 




ACN 


726 


19 


1.5 X 10 ’“ 






818 


34 






CH 3 CCCN 


338 


100 


1.0 X 10-8“ 






499 


91 






CH 3 CHCHCN 


728 


230 


2.5 X 10-’“ 


< 5 X 10-'"* 


CH 2 CHCH 2 CN 


557 


64 


4 X lO-*" 


< 5 X 10-'"* 




942 


no 






CHzCCCHjICN 


535 


33 


7.5 X lO-*" 


<5x10-'"" 




928 


130 






C 4 N 2 


614 


34.4 


5.6 X 10-’“ 




NCCHCHCN (trans) 


947 


178 


1 X 10-*j 




Other N organics 










CH 3 NC 


526 


8.8 


1.3 X 10-’“ 




CH 2 N 2 


419 


144 


5.0 X 10-’“ 




CH 3 N 3 


250 


9 


5.4 X 10-’“ 





^Coustenis el al. (1993). 

'’Coustenis el al. (2003). 

‘^Shindo et al. (2001a). 

‘‘Shindo et al. (2003). 

^Shindo et al. (2001b). 
fNishio et al. (1995). 

SKhlifi et a/. (1999). 

^Cerceau et al. (1985). 

‘Khlifi et fl/. (1997). 
iShindo (2002). 

‘^Khlifi et a/. (1996). 

'Feature not yet observed. CH 3 CN detected in millimeter observations (Bezard et al., 1993; 
Marten et al, 2002). 
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would suggest the importance of oxygen compounds and indicate new pathways in 
prehiotic chemistry on Titan. 



3.2.3. Particulates 

Aerosols. A brownish haze of aerosol particles dominates the visible appearance of 
Titan. These particles are thought to be organic refractories that consist of a complex 
mix of polyacetylenes, aromatic compounds, and amino acid precursors (McKay 
et al, 2001). They are first formed in a photochemically active zone at an altitude 
of about 400 km, from where they are dispersed by gravity, diffusion, and planetary 
scale circulations. Initially the particles are roughly spherical monomers that grow 
one molecule at a time. Once they reach regions where the pressure exceeds 0. 1 
mbar they grow by coagulation into highly nonspherical aggregates (Cabane et al . , 
1992; Tomasko et al., 2002). These aggregates then become rapidly larger through 
cluster-cluster ballistic growth. 

Vertical and horizontal distributions of haze particles depend strongly on the 
relative importance of the rates of atmospheric diffusion and circulation. Because 
meridional velocities are about three to four orders of magnitude smaller in the 
stratosphere than those associated with zonal winds (Flasar et al, 1981a), varia- 
tions of aerosol densities with latitude are likely to dominate along constant altitude 
surfaces. Rannou et al. (2002) have suggested that Titan’s detached haze at ~400 
km is traced out by the meridional motion of small monomers that participate in 
a cross-equatorial Hadley cell circulation. The small size of the monomers pre- 
cludes significant diffusive settling during a single season. However, the expected 
circulation pattern, moving from summer to winter hemisphere at high altitudes 
and returning at low altitudes, causes the monomers to descend rapidly in altitude 
at the winter pole. The attendant increase in ambient density associated with these 
monomers converts them into fractal aggregates that in turn settle relatively quickly 
when the circulation pattern reverses half a Titan year later, leaving a 50-km clear 
gap between the haze formed by these aggregates and the monomer haze higher 
up. 

This circulation pattern also gives rise to an accumulation of haze at the winter 
pole, as suggested by Voyager 1 images (Smith et al., 1981). In the absence of 
sources and sinks, a uniformly mixed atmosphere should give rise to a density scale 
height for an aerosol haze equal to that for the ambient atmosphere, provided only 
that the mixing rate is rapid compared with particle fall rates, a criterion that should 
be valid for Titan. When such sources and sinks are present, however, the relative 
scale heights will be different. In the case of Titan, the initial photochemical pro- 
duction zone near 400 km lies at a greater altitude than the aerosol sink; the latter 
is thought to be located in the lower stratosphere near 100 km where condensation 
of volatiles is expected. A subsequent precipitation of these condensates (hydro- 
carbons and nitriles) is expected to cleanse the atmosphere of aerosols below this 
level. Thus the aerosol scale height should exceed that of the gaseous atmosphere. 
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a characteristic found to be true for the north polar stratosphere at the time of the 
Voyager 1 encounter (Samuelson and Mayo, 1991). 

Far-IR CIRS limb spectra covering the continuum between 250 cm“' and 
600 cm * will provide the vertical distribution of haze with a resolution of about 
two scale heights. From the work of Samuelson and Mayo (1991) this will deter- 
mine the aerosol-to-gas scale height ratio to about 20%. Unlike the situation with 
Voyager IRIS, several limb locations can be sampled, permitting a determination 
of aerosol abundance with latitude. Measured vertical and latitudinal distributions 
of haze in turn can provide tests of seasonally-dependent dynamical models. 

Condensates. The discussion in Sections 3.2.1 and 3.2.2 has already touched on 
the CH 4 cycle in Titan’s atmosphere. Methane is transported from surface and/or 
subsurface reservoirs into the upper mesosphere and thermosphere, where it and 
molecular nitrogen are decomposed by solar EUV radiation and high energy elec- 
trons originating from Saturn’s magnetosphere. The ensuing products are respon- 
sible for initiating the chemistry from which all the observed higher hydrocarbons 
(C 2 H 2 , C 2 H 4 , C 2 H 6 , C 3 H 4 , C 3 H 8 , C 4 H 2 ) and nitriles (HCN, HC 3 N, C 2 N 2 , C 4 N 2 , 
CH 3 CN) are derived. 

Atmospheric motions are also responsible for transporting these organic vapors 
down into the cold regions of the lower stratosphere where - almost without ex- 
ception - their partial pressures exceed saturation vapor pressures (Maguire et al . , 
1981). Whether or not they condense depends on the availability of condensation 
sites. Courtin et al. (1995) have suggested that aerosol particles may be immiscible 
in methane and ethane, making it unlikely that such particles can act as viable seed 
nuclei for at least some non-polar hydrocarbons. However, Titan aerosols may be 
slightly soluble in condensed nitriles (Raulin, 1987). In this case nitrile particles 
might in turn act as seed nuclei for hydrocarbons in the lower stratosphere. Con- 
densate features of C 4 N 2 at 478 cm“^ and possibly HC 3 N at 503 cm“^ were found 
in Titan’s north polar stratosphere by Voyagerl IRIS near the time of northern 
spring equinox. A C 4 N 2 mean particle radius of about 5 /xm was inferred from its 
band shape by Samuelson et al. (1997a). Other unidentified features at 225 cm“^ 
700 cm“\ and 765 cm“*, tentatively attributed to condensates, were also found 
(Coustenis et al., 1999). At this time the north polar region was both relatively 
cold and contained relatively high abundances of several organic vapors, implying 
that the probability for condensate formation was especially high at this season and 
location. 

Once formed, stratospheric ice particles will begin to precipitate. Their rates 
of precipitation depend on growth rates, which in turn are strong functions of the 
degrees of supersaturation prevailing at the time. Particles with radii of 5 /xm will 
fall through the lower stratosphere in times short compared with a Titan season, 
and stratospheric clouds may be restricted to polar regions during late winter and 
early spring. Upon reaching the troposphere, precipitating ice particles can serve as 
nucleation sites for methane condensation. Thus high densities of stratospheric ice 
particles lead to low degrees of methane supersaturation in the troposphere. Because 
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particle growth rates are proportional to 5 - 1 , the degree of supersaturation (5=1 
is saturation), it follows that stable clouds can form and persist only near saturation. 
If 5 is substantially greater than unity, any particles that form should grow rapidly 
and fall out immediately, leaving nothing to form a cloud (Toon et ai, 1988). 

Still, there is some evidence from ground-based near-IR spectra and images for 
the presence of occasional tropospheric cloud activity (Griffith et al, 1998, 2000; 
Roe et al, 2002; Brown et al, 2002). It will be very important to compare near- 
infrared VIMS and far-infrared CIRS Cassini spectra in an effort to correlate the 
presence of clouds in space and time with the appearance of condensate spectral 
features and degrees of methane supersaturation close to unity. 

3.2.4. Atmospheric Structure and Circulation 

Temperatures. Atmospheric temperatures on Titan have been most extensively de- 
termined below 200 km altitude (~1 mbar). The vertical profiles of femperature 
retrieved from the Voyager radio occultation (Lindal et al, 1983) indicate an at- 
mosphere with a well defined tropopause and sfrafosphere, separafed by a broad 
fropopause region (Figure 20). Radiative equilibrium sfudies (Yelle, 1991) suggest 
a mesosphere between 300 and 600 km altitude. To date, the only temperature re- 
trievals in this region are from light curves that were obtained during the occultation 




Figure 20. Representative Titan atmospheric temperature profile from the surface to 650 km altitude. 
The lowest 200 km is the nominal model derived by Lellouch et al. (1989) from Voyager radio- 
occultation and IRIS measurements. Above 200 km the profile is Yelle’s (1991) model J. 
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of the bright K giant star 28 Sgr by Titan in 1989 (Hubbard et al, 1993). These 
retrievals exhibit large variations that may be attributable more to uncertainties in 
the retrieval process itself than to spatial variability on Titan. As there was only one 
radio occultation with Voyager, with the ingress and egress located at equatorial 
latitudes, the horizontal variation in temperature below 200 km was determined 
mainly from IRIS spectra. IRIS generally acquired spectra in the nadir-viewing 
mode, and its coverage did not include the far-infrared portion corresponding to 
the N2 inversion kernels in Figure 12. Hence, direct temperature retrieval was re- 
stricted to the range of the nadir-viewing CH4 inversion kernels in the left panel 
of the figure: 0.3-3 mbar. Because of the limited sensitivity in this spectral region, 
the IRIS spectra of Titan were also spectrally averaged before the inversion, which 
effectively reduced the vertical resolution from that indicated in the figure (Flasar 
and Conrath, 1990). The unambiguous refrieval of temperature at other altitudes 
was impracticable, because aerosols, which vary heterogeneously, dominate the 
opacity in most of the IRIS spectra away from the V4 band of CH4. Nonetheless, it 
was possible to use the brightness temperatures at 520-540 cm“* and 200 cm“^ to 
infer the variation of temperature with latitude at the surface and in the tropopause 
region, respectively (Samuelson etal, 1981; Flasar etal, 1981a; Courtin and Kim, 
2002). Figure 21 illustrates the derived meridional variation of atmospheric tem- 
perature at these altitudes. The latitude range of each point is 10-20°, and it is 
partially indicative of the spatial resolution of the IRIS FOV, but it also results from 
the need to bin and average spectra to achieve an acceptable noise error. The merid- 
ional profiles suggesf fhaf the polar regions are colder than the equator by ~3 K at 
the surface and ~20 K in the upper stratosphere (0.4 mbar). Longitude coverage 
was limited to two bands, one on the day side, the other separated by ~180° on the 
night side (Flasar and Conrath, 1992). The ability to establish zonal variations was 
limited, but the available data suggested variations <1 K at the surface, and <3 K 
in the upper stratosphere (Flasar et al, 1981a). 

The repeated targeted flybys of Titan will enable CIRS to provide a much more 
complete latitude-longitude mapping of its temperature field (Secfion 4.3). Its far- 
infrared coverage allows the use of radiances where pressure-induced N2 absorption 
dominates to retrieve atmospheric temperatures. It also can observe Titan’s atmo- 
sphere in the limb-viewing mode. Hence, atmospheric temperatures can be retrieved 
from approximately the 400-mbar level up to the 10-/xbar level (Figure 12), pro- 
viding much more continuous coverage with high vertical resolution than previous 
observations. This will provide the first complete mapping of Titan’s mesosphere. 
There is a gap in the lower troposphere, slightly larger than a scale height, over which 
CIRS spectra cannot be used for unambiguous temperature retrieval. Recourse will 
have to be made to temperatures retrieved from radio occultation soundings, and 
from the onboard probe temperature sensors over a single descent trajectory. 

The atmospheric opacity is small at 520-540 cm“*, and the radiances there 
are indicative of surface temperature (Samuelson et al., 1981, 1997; Flasar et al, 
1981a; Courtin and Kim, 2002). Although the surface emission dominates, the 
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Figure 21. Toppanel. Titan stratospheric temperatures retrieved from radiances at 1260-1307 cm~0n 
the V 4 hand of CH 4 . The vertical bars denote errors attributable to instrument noise; the horizontal 
bars give the range of latitudes of the binned and averaged spectra used in the inversions (Flasar and 
Conrath, 1990). Lower panels. Brightness temperatures renormalized to a constant emission angle at 
200 cm“' and 530 cm” * , representative of tropopause and surface temperatures, respectively. In these 
panels solid points are at night, open circles are during the day. The vertical bars include uncertainties 
from noise, calibration, and emission angle corrections; the horizontal bars give the latitude range of 
the binned and averaged spectra (Flasar et al, 1981a). 
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contribution from the warm stratosphere is not negligible (Figure 21 ; Samuelson et 
al., 1981; Toon eta/., 1988). Samuelson etal. (1981) constructed a two-level model 
to account for possible effects of stratospheric hazes, using IRIS equatorial spectra 
obtained at near normal viewing (emission angle = 7°) and high emission angle 
(53°). The ability of CIRS to observe Titan’s stratosphere on the limb, with deep 
space as the background, will enable one to separate the effects of stratospheric 
emission more cleanly from that of the surface. 

Zonal winds. The equatorial pressure bulge implied by the meridional tem- 
perature gradients retrieved from Voyager IRIS spectra requires stratospheric zonal 
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winds with velocities up to 10 times the equatorial surface rotation velocity, or ~ 100 
m s“ \ to maintain the dynamical balance (see Equation ( 1 )). Subsequent analysis of 
central-flash data from the 28 Sgr occultation in 1989 indicated an equatorial bulge 
in the isodensity contours that was consistent with zonal winds of comparable mag- 
nitude (Hubbard et a/. , 1990; Sicardy etal., 1990; Hubbard et a/. , 1993). Thus Titan 
has a global cyclostrophic wind system analogous to Venus’ . Titan’s atmosphere ex- 
hibits a very interesting radiative-dynamical transition, in that the radiative response 
time in the troposphere is long compared to the seasonal modulation, whereas it is 
much shorter than the seasonal timescale in the upper stratosphere. Tropospheric 
temperatures therefore should exhibit little seasonal variation, but stratospheric 
temperatures should vary markedly (Flasar et al, 1981a). As the zonal winds and 
temperature field are tightly coupled by the constraint of the thermal wind relation, 
the stratospheric winds should also vary seasonally. Observing this seasonal varia- 
tion should provide clues to the maintenance of cyclostrophic wind systems, which 
is poorly understood. Venus, with its small obliquity, has little seasonal driving. 

Detailed study of Titan’s cyclostrophic zonal winds has been hampered by the 
lack of adequate spatial coverage and resolution, both horizontally and vertically, 
in the temperatures, as discussed above. The ability of CIRS to provide the needed 
temperature maps several times over the Cassini tour will go a long way toward rec- 
tifying this, but information from other experiments is needed. With cyclostrophic 
flows, the quadratic term dominates the left-hand side of the thermal wind Equation 
(1), and the direction of the zonal wind is ambiguous. If the temperature field is 
known down fo fhe surface, where fhe winds are weak (from surface fricfion) and 
fhe linear geosfrophic term dominafes fhe leff-hand side of (1), fhen fhe infegrafion 
in principal can remove fhe ambiguify af higher alfifudes where fhe cyclosfrophic 
winds dominafe. The radio-occulfafion soundings and fhe probe descenf measure- 
menfs should provide informafion on fhe femperafure and pressure fields in fhe 
lower froposphere, buf nol fhe degree of mapping fhaf CIRS can provide above 
fhe 400-mbar level. Direcf measuremenfs of fhe wind velocify will also be needed. 
The probe Doppler Wind Experimenf (Bird et al, 2002) will provide a valuable 
profile of fhe zonal wind along fhe descenf frajecfory. Tracking of discrefe cloud or 
haze feafures, should fhey be discernible, by fhe imaging (ISS; Porco et al., 2003) 
and near infrared mapping (VIMS; Brown et al, 2003) experimenfs on fhe orbifer 
would also be useful. 

Meridional Circulations. Gaseous and parficulafe fracers, fhe femperafure field, 
and pofenfial vorficify all probe residual meridional circulafions, as fhey do for 
Safurn. Pofenfial vorficify conservation does nof have fhe complicafion of lagged 
orfho-para H 2 conversion, as on Safurn. Even fhough fhe flow is cyclosfrophic, 
fhe Erfel pofenfial vorficify is conserved on time scales over which dissipafive and 
radiative effecls can be neglecfed. 

Deviafions of fhe observed meridional variation of afmospheric femperafure 
(Figure 21) from fhaf expected from a purely radiafive response have led fo esfimafes 
of fhe heaf fransporf by zonally symmefric meridional circulafions. The derived 
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meridional velocities are quite sluggish by terrestrial standards, centimeters per sec- 
ond or smaller (Flasaref a/., 1981a; Flasar and Conrath, 1990;Flasar, 1998b). Strato- 
spheric temperatures retrieved from the IRIS spectra indicated a cross-equatorial 
asymmetry of several degrees, that was not initially expected at the Voyager sea- 
son (northern spring equinox), given the small radiative response time (Flasar and 
Conrath, 1990; Coustenis and Bezard, 1995). Flasar and Conrath (1990) suggested 
that the asymmetry resulted from the additional dynamical inertia caused by the 
seasonal cross-equatorial transport of angular momentum needed to maintain the 
thermal wind balance. The adiabatic heat and cooling associated with the verti- 
cal motion produces the hemispheric asymmetry in temperature. An asymmetric 
distribution of solar and infrared opacities (Bezard et al, 1995) and the lag asso- 
ciated with the (albeit small) radiative time constant in a temperature field with a 
large seasonal amplitude (Hourdin et al, 1995), have also been invoked to explain 
this asymmetry. Observing Titan at a different season than Voyager will help to 
differentiate among these models. 

The distribution of photochemical species is a promising indicator of dynamical 
transport on Titan. An interesting example of this is the circumpolar vortex that 
was observed on Titan by the Voyager spacecraft in 1980-1981. Voyager 2 images 
showed a thin dark circumpolar ring at 70°N. Voyager IRIS spectra showed that high 
northern latitudes were enriched in several hydrocarbons and nitriles (Coustenis 
and Bezard, 1995). The IRIS spectra also indicated cold temperatures in the polar 
stratosphere (Figure 21) and, from the thermal wind Equation (1), a circumpolar 
vortex, with winds ~80 m s“^ (Flasar and Conrath, 1990). The 28 Sgr occultation 
data, obtained during Titan northern summer, indicated winds double this at high 
southern latitudes, again implying a strong vortex about the winter pole. On Earth, 
circumpolar vortices are known to inhibit meridional flow across the vortex, where 
the vortical winds are strong (Schoeberl and Hartmann, 1991). The large meridional 
gradient in hydrocarbons and nitriles retrieved from the IRIS spectra at high latitudes 
is likely indicative of this barrier effect, coupled with the photochemistry. (Elasar 
(1998a) discusses several of these issues further.) To understand these complex 
systems, it is important to be able to map the three-dimensional structure of such 
vortices. With its ability to map temperatures and composition in both the nadir- and 
limb-viewing modes, CIRS can provide much of the critical information. CIRS’s 
ability to map several different atmospheric variables simultaneously should also 
provide a better conceptual understanding of the variability of Titan’s stratospheric 
hazes. Several models have been developed, and we have already discussed the 
study by Rannou et al (2002) in Section 3.2.3. 

Eddies and waves. The transports of heat and angular momentum by eddies and 
waves must be important players maintaining Titan’s global wind system, but little is 
known about them, except inferentially. No direct sign of waves and eddies has been 
seen in visible images. The only evidence of thermal waves is from scintillations 
in the Voyager radio-occultation soundings that seem to be consistent with the 
signature of vertically propagating gravity waves in the tropopause region and the 
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stratosphere (Hinson and Tyler, 1983). Temperatures retrieved from IRIS soundings 
only placed crude upper limits to the variation of temperature with longitude - 
which, if detected, could have indicated the presence of waves or eddies - hut these 
sampled longitude rather sparsely (Flasar and Conrath, 1992). The capahility of 
CIRS to map both the vertical and horizontal variation of temperature - and of 
composition - with high sensitivity, will provide an effective prohe of wave and 
eddy structure. CIRS should he capable of defining the phase tilts of any vertically 
propagating waves over its vertical range of retrieval (Figure 12), which should aid 
in their identification. 



3.3. Icy SATtiLLtTHS 

Cassini’s orbital tour of the Saturn system includes multiple near and distant flybys 
of Saturn’s satellites (Figure 22), permitting CIRS to address many of the ba- 
sic goals for satellite investigations, including composition, temperature, thermal 
properties, and delineation of geologically distinct structures. CIRS will map the 
satellite surfaces and provide their thermophysical characteristics to understand the 
differences from satellite to satellite better. The long wavelength data from CIRS 
provide essential information on the surface and near-surface compositions of the 
airless satellites. CIRS can probe several millimeters into the regolith, where tem- 
perature gradients associated with possible solid-state greenhouse enhancements 
can be observed. The details of surface thermal, thermophysical and compositional 
characteristics will allow greater insight into the evolution of these objects. Par- 
ticular attention will be paid to the unique aspects of Enceladus, where current 
endogenic activity may be revealed by surface thermal anomalies and by gases 
and particulate material in associated plumes. Joint investigations with VIMS will 
strengthen the determination of surface and near-surface compositions. CIRS data, 
combined with radiometry data from the RADAR experiment, will provide infor- 
mation on the porosity and scattering characteristics of the regoliths to depths of 
several centimeters. Overall, the extended spectral range of the CIRS instrument, 
combined with the 4-year orbital mission of the Cassini spacecraft and collabora- 
tive investigations, will provide a great increase in the quality and quantity of data 
returned on satellite surfaces compared to that obtained from the IRIS and other 
instruments on the Voyager spacecraft. 

Saturn’s airless icy satellites are intermediate in size between massive haze- 
shrouded Titan and the myriad small particles of the rings. These range from long- 
known lapetus, Rhea, Dione and Tethys, discovered in the 17th century by Giovanni 
Cassini, to the small, irregularly shaped F-ring shepherds. Pandora and Prometheus, 
discovered in 20th century Voyager images by Collins et al. (1980). In this section 
we describe the capabilities of CIRS for investigating these objects. 

The infrared energy available to CIRS from the icy satellites originates within 
a centimeter of the surface. Consequently, the instrument senses only satellite 
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Figure 22. The spatial resolution of CIRS pixels projected onto the disks of various satellites as a 
function of altitude. The left ends of the curves are for the planned closest approaches during the tour. 
The right ends of the curves provide the altitudes at which the target objects just fill the pixel. The 
best Cassini encounters with all but Mimas (45,000 km) and Tethys (15,000 km) will be within 1,000 
km of the surface (though for altitudes below ~2000 km, the spacecraft cannot track the target, so 
that footprints will be smeared). A resolution of 10% of the disk diameter represents about 12 degrees 
of latitude at the sub-spacecraft point. The FPl angular diameter (AD = 3.9 mrad) resolution can 
be compared with Voyager IRIS resolution (AD = 4.4 mrad), where the altitude for all encounters 
exceeded 70,000 km. At a given altitude, CIRS FP3 and FP4 resolution will exceed FPl resolution 
by more than an order of magnitude. 



regoliths or active surface sources. The information derived from such obser- 
vations must then he related to the satellite interior and to its evolutionary 
history. 

Evolutionary models that consider primordial composition, and heating and 
transport from accretional, gravitational (differentiation) and radioactive energy 
have been constructed in order to follow the development of the satellites (Ellsworth 
and Schubert, 1983; Schubert et al, 1986). Except in the unlikely case that little 
of the accretional energy is lost during formation through radiation or through 
convection into the local nebula, the melting point of water would not have been 
reached. Thus, if the objects accreted as homogeneous ice -rock mixtures, they 
remained so. The possible presence of ammonia hydrate at the 20% level (Lewis, 



COMPOSITE INFRARED SPECTROMETER 



235 



1972) does not alter this conclusion, though melting of this fraction in the outer 
layers could have a profound effect on surface evolution, both through its influence 
on tectonics, and hy providing a solvent for transport of subsurface salts. 

Although one to two orders of magnitude less massive than poorly evolved 
Callisto, these saturnian satellites display considerable endogenic surface modifi- 
cation, both by tectonic and effusive processes. In many instances, two or more 
episodes of surface modification are recorded by the presence of extensive regions 
of vastly different crater ages. Superimposed on features from endogenic processes 
and major bombardment events will be modifications due to subsequent gardening 
by micrometeorites and implantation and alteration by magnetospheric interactions 
(e.g., Delitsky and Lane, 1998; Delitsky and Lane, 2002; Delitsky et at, 2003). 

Two groups of bodies can be recognized: the large icy satellites and the small, 
mostly irregularly-shaped objects. 

The large icy satellites After Titan, the six largest satellites in the Saturn system 
are, in order of distance from Saturn: Mimas, Enceladus, Tethys, Dione, Rhea, 
and lapetus. The first five can be considered regular satellites, having circular and 
prograde orbits lying very close to Saturn’s equatorial plane with semi-major axes 
smaller than 10 saturnian radii. The sixth, lapetus, moves at a larger distance (about 
60 saturnian radii) on an orbit inclined 14.7°. The density of these satellites is 
only slightly greater than that of water, and all show the spectroscopic signature 
of water ice. Albedos have been determined from Voyager images (Buratti et al . , 
1990; Cruikshank et al., 1998). 

Mimas (r = 197± 3 km; py = 0.8) has an ancient, heavily cratered surface (r 
denotes radius, py visual geometric albedo). Herschel, the largest crater, is 130 
km in diameter, and basically unmodified. However, evidence of limited surface 
modification early in Mimas’ history is provided by small differences in crater 
counts. Brightness variations across its surface are small, with the leading side 
possibly a few percent brighter than the trailing side. 

Enceladus {r = 251 ±5 km; py = 1.0) has the highest albedo among solar sys- 
tem objects, reflecting about 90% of incident sunlight. This, with a flat spectrum 
between 0.35 and 0.59 /xm indicates that the surface ice is relatively uncontam- 
inated and unmodified by radiation. The surface is characterized by at least four 
distinct terrains, ranging from heavily cratered to featureless plains (Smith et al., 
1982; Kargel and Pozio, 1996). Even in the cratered areas the crater size distribu- 
tion indicates a relatively young crust. The maximum density of Saturn’s E ring 
is at the radius of Enceladus’ orbit and may be related to possible endogenic ac- 
tivity on the satellite, though other mechanisms have been proposed (Haff et al, 
1983; Pang et al., 1984; Hamilton and Burns, 1994). Albedo variations are very 
small. 

Tethys (r = 530 ± 10 km; py = 0.8) is densely cratered. A plains unit, with 
relatively few small and intermediate sized craters, indicates a period of internal 
activity that produced partial resurfacing of older terrain early in the satellite’s 
history. The satellite is strikingly marked by Ithaca Chasma, a deep trench that 
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spans nearly three quarters of its circumference. The leading hemisphere is 10- 
15% brighter than the trailing hemisphere. 

Dione (r — 560 ± 5 km; py — 0.55 - leading; py — 0.4 - trailing) is charac- 
terized hy at least five terrains that differ in crater density (Plescia, 1983). Bright 
wispy terrain (linea) dominates the relatively dark trailing hemisphere. Ozone, the 
only material other than water ice so far identified on Saturn’s icy satellites, is 
found on its surface (Noll et al, 1997). It is believed to be the product of exposure 
to magnetospheric ion radiation. 

Rhea {r = 765 ± 5 km; py = 0.65 - leading; py — 0.55 - trailing), the most 
heavily cratered satellite of Saturn, is characterized by at least three different ter- 
rains. Like Dione, its trailing hemisphere is also marked by linea, and ozone has 
been identified as well. 

lapetus (r — 718±18 km; py = 0.04 - leading; py — 0.5 - trailing) is most 
notable for the extreme difference in albedo between its leading and trailing hemi- 
spheres. The leading hemisphere is covered with extremely dark material, while 
its trailing hemisphere is icy. Some bright-side craters have dark floors, suggesting 
flooding, but the dark hemisphere still needs explanation (Wilson and Sagan, 1995; 
1996; Owen et al, 2001; Buratti et ah, 2002). Comparison of the leading side with 
that of Phoebe indicates different compositions. The dark material is believed to be 
a complex organic solid (e.g.. Bell et al., 1985; Wilson and Sagan, 1995). Owen 
et al. (2001) found that the best match to the spectrum of the dark material over the 
range 0.3 to 3.8 /rm is provided by a mixture of water ice, amorphous carbon, and 
a nitrogen-rich organic compound. The latter is required to fit the strong absorp- 
tion found at 3.0 /xm; water ice alone will not suffice. Non-biogenic nitrogen-rich 
organics are rare, leading to the suggestion that the dark material might have been 
formed on Titan and transported to lapetus by impact. If so, the surface of Hyperion 
may be contaminated with the same material. 

The presence of H2O ice on the surfaces of the six larger satellites, the re- 
cent detection (Noll et al., 1997) of O3 on Dione and Rhea, plus the presence 
of unidentified UV absorption on lapetus, suggest that further close analysis of 
the spectra of Saturn’s satellites may reveal additional species (see Cruikshank 
et al. (1998) for a complete review). Recent results on the Galilean satellites 
from the Galileo spacecraft’s NIMS (Near Infrared Mapping Spectrometer; Mc- 
Cord et al., 1997) seem to indicate the presence of materials containing CO2, 
C-N, C-H, SO2 and all the S-H bearing groups. It is extremely probable that sim- 
ilar kinds of materials, even if in very different proportions, will be found on 
the Saturn satellite surfaces. Recent studies of tholins have shown that the di- 
agnostic region for organic materials extends far beyond the 5-/xm region (see, 
e.g., Khare et al., 1994; Colthup et al., 1975), where CIRS can give fundamental 
information. 

The small icy satellites. Eleven satellites belong to an inner group, of which 
several will be observed by CIRS. Encounter geometries during the Cassini tour 
are not favorable for CIRS to view the smallest of these, or the recently discovered 



COMPOSITE INFRARED SPECTROMETER 



237 



outer irregular satellites (Gladman et al, 2001). However, the first satellite we 
encounter will be a distant, irregular one - Pheobe. 

Phoebe (r = 110 ± 10 km; pv = 0.06) is small and dark. It possesses a ret- 
rograde orbit. The spectrum of its dark material differs from that of lapetus and 
Hyperion. As a likely captured satellite, its dark component may be unrelated to that 
of the satellites that were formed in situ with Saturn. Pheobe’s photometric charac- 
teristics and albedo identify it as a C-type object (Simonelli el al, 1999). Recently, 
water ice has been detected on its surface by Owen et al (1999b), by Brown (2000), 
and by de Bergh et al (2003), supporting the hypothesis of a captured primitive 
body related to the Centaurs or the trans-Neptunians objects. 

Hyperion (164 x 130 x 107 km; pv = 0.3) The rotation of Hyperion is chaotic; 
its rotation period is therefore indeterminate, though at the time of the Voyager 2 
encounter it was 0.5 days (Thomas et al , 1995); it is certainly nonsynchronous. The 
satellite’s highly irregular shape indicates an intense collisional history. The dark 
component of its surface is as yet unidentified, but it is similar to that of lapetus at 
visual wavelengths. 

Janus (110 X 95 X 80 km; pv = 0.6) and Epimetheus (70 x 58 x 50 km; 
Pv =0.5) are co-orbital satellites somewhat outside the F-ring. Unexpectedly low 
masses are believed due to unusually low densities (Yoder et al, 1989; Nicholson 
et al, 1992). No compositional information is available, but ice is suspected to be 
the major component of both bodies. 

An overview of CIRS’s capabilities for observing the icy satellites can be ob- 
tained from Figure 23. The NESR levels for the instrument are presented for the 
workhorse low spectral resolution mode that will be used for surface temperature 
observations (4.75 s scan time, 15.5 cm“^ spectral resolution). Also indicated are 
labels for the blackbody curves corresponding to the maximum temperatures ex- 
pected on each of the primary satellites. Spatial resolution will be <10 km with 
FPl, and <0.3 km with FP3 and FP4 for close flybys (Figure 22), although the ul- 
timate spatial resolution will be limited by the ability of the spacecraft to track the 
rapidly passing target. The improvements over Voyager IRIS in long wavelength 
coverage, and in the higher sensitivity and spatial resolution in the mid-infrared 
(600-1400 cm“^) have already been discussed in Section 2. From 200 to 10 cm^* 
(50 to 1000 /xm), the absorption coefficient of water ice at 100 K decreases by 
over two orders of magnitude, making the material progressively more transpar- 
ent. In this wavelength range, the unit optical depth in pure ice moves from a 
physical depth of ~10 /xm to '^1 cm. These values are somewhat dependent on 
water ice structure and temperature (Warren, 1984; Hudgins et al, 1993; Matzler, 
1998). 

To date, information on surface composition has come from ultraviolet, visible, 
and near infrared spectroscopy (Cruikshank et al, 1998). Water ice has been iden- 
tified on all eight classical icy satellites and Titan. As noted above, ozone produced 
from the interaction of surface ice with magnetospheric charged particle and ultra- 
violet radiation, has been discovered on Dione and Rhea (Noll et al., 1997). The 
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Figure 23. An overview of CIRS’s capability for temperature sensing on the icy satellites. The irreg- 
ular curves represent the NESR of the three CIRS focal planes (and their pixel sizes) for low spectral 
resolution short scans (15.5 cm”*, 4.75 sec). Blackbody curves are shown for reference. Letter sym- 
bols in the lower center of the figure lie on blackbody curves corresponding to maximum expected 
surface temperatures for the icy satellites; all temperatures are calculated using a thermal inertia of 
3 X lO'* erg cm”^s”*/^K“*. Temperatures are Mimas = M: 88 K; Enceladus = E: 73 K; Tethys = 
T: 91 K; Dione = D: 101 K; Rhea = R: 100 K; Hyperion = H: 1 18 K; lapetus’ (bright) = 1(b): 109 
K; lapetus (dark) = 1(d): 126 K; Phoebe = P: 1 12 K. The freezing temperature of a eutectic mixture 
of ammonia and water is approximately 175 K; in the event of current endogenic activity, material of 
this temperature might be observed. 




visible spectrum of Phoebe is distinctly flatter than that of the dark side of lapetus 
and of Hyperion; this puts to rest the hypothesis that the dark material on lapetus 
results from the infall of dust from Phoebe (Cruikshank and Brown, 1982; Tholen 
and Zellner, 1983; Brown, 1983). Radar observations from Earth have revealed 
that the subsurface scattering properties of the bright hemisphere of lapetus are 
remarkably similar to those of Titan, and very different from Ganymede, Europa 
and Callisto (S. Ostro, personal communication). 

3.3.1. Regolith Properties 

Information on Saturn’s icy satellites from thermal infrared studies is limited 
(Cruikshank et at, 1984). Early broadband observations were combined with 
photometric data to estimate satellite sizes and albedos for Rhea and lapetus 
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(Murphy, et al, 1972; Morrison, 1974; Morrison et al, 1975), and for Hyperion 
(Cruikshank, 1979; Cruikshank and Brown, 1982). 

The most extensive thermal infrared data on these icy satellites were obtained 
hy the Voyager IRIS experiment (Hanel et al . , 198 1 ; Hand et al . , 1982; see also the 
summary hy Cruikshank et al, 1984). Useful results were obtained for Enceladus, 
Tethys, Rhea and lapetus. The large flyby distances and relatively large IRIS FOV 
(4.4 mrad) precluded useful measurements of other satellites, and restricted the 
above observations to full disk or modest spatial resolution. 

Only Rhea was resolved at better than disk resolution, the footprint at best 
covering 25° of latitude. At a solar phase angle of 15° the brightness temperature 
near the subsolar point was observed to be 99 ± 2 K. A small correction for phase 
angle led to an estimate of 100 ± 2 K for the subsolar temperature. 

The temperature distribution across the disk was measured at low and inter- 
mediate phase angles. At 15° phase, the central disk brightness temperature was 
observed as 99 ± 2 K with a gradual decrease to 93 ± 2 K at the limb. Seen at phase 
angle 77°, the variation was from 90 ± 4 K to 83 ± 4 K. This suggests that thermal 
emission is peaked in the backward direction, in a manner similar to that of the 
Moon. Such an effect has been ascribed to macroscopic roughness (Spencer, 1990; 
Hapke, 1996a). It therefore appears that the large and small scale roughnes of the 
Moon and of Rhea are similar, despite their different compositions and albedos; at 
Voyager resolution images suggest that this is also true on the topographic scale of 
a few kilometers (Smith et al, 1981). 

A disk observation of a solar eclipse of Rhea by Saturn was obtained. Rela- 
tive to an observation made before eclipse entry, the pre-emergence flux dropped 
by roughly 75%, with a strong dependence on wavenumber (Figure 24). The 
nearly wavenumber-independent pre-eclipse brightness temperature of 96 ± 2 K 
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Figure 24. A solar eclipse of Rhea observed by Voyager IRIS. Before entry, the disk brightness 
temperature spectrum is nearly wavenumber independent; after roughly two hours in eclipse, the 
spectrum shows wavenumber dependent cooling, which indicates that materials with different thermal 
inertias are present (Hanel et al, 1981). 
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is consistent with the spatially resolved measurements discussed above. By 
decomposing the spectrum in eclipse into two hlackhody components, it is con- 
cluded that roughly half of the surface cools to ~75 K, while the remainder cools to 
<55 K. This indicates the presence of components having different thermal inertias: 
a high inertia fraction of solid material with block size equal to or greater than the 
thermal skin depth, and a low inertia fraction, possibly frosty or fine-grained. 

Striking diurnal deviations from hlackhody behavior were also seen by Voyager 
IRIS on the icy Galilean satellites of Jupiter (Spencer, 1987). Subsolar spectra 
on Callisto are close to blackbodies, but those taken near the terminator show a 
large increase in brightness temperature with increasing wavenumber, probably 
due to temperature contrasts caused by uneven illumination of rough topography. 
Ganymede is quite different: spectra show a small increase in brightness temperature 
with increasing wavenumber regardless of time of day, probably due to spatial 
segregation of surface materials. 

Full disk measurements at modest phase angles were used to infer subsolar tem- 
peratures for Enceladus, Tethys and lapetus. To adjust for phase angle, a model 
for the surface temperature distribution must be used. A simple model for a slowly 
rotating satellite is T{cj)) — T^s cos'/"(0), where T^s and (/> are the subsolar temper- 
ature and zenith angle of the sun, respectively. For a nonrotating Lambert sphere, 
n = 4\ for the Moon, n ~ 6; a fit to the IRIS data for Rhea gives n ^ 1. Adopting 
the value derived for Rhea, disk measurements of Enceladus at phase angles be- 
tween 36° and 39° indicate a subsolar point temperature of 75 ± 3 K (including 
a 1 K adjustment for thermal beaming), while measurements of Tethys at phase 
angles between 14° and 19° indicate = 93 ± 4 K. Measurements of lapetus 
from 48° and 80° were not corrected for the strong albedo variations across the 
satellite surface, and were only interpreted to indicate a temperature for the dark 
component in excess of 1 10 K. 

Erom the derived subsolar temperatures, the bolometric Bond albedo. A, was es- 
timated by using the equilibrium relation for absorbed solar and thermally emitted 
radiation for a Lambert surface with unit emissivity, on the assumption of instanta- 
neous equilibrium with sunlight (i.e., no significant radiation of heat from the night 
side): 

^4 = r4(l-A)/R^ (4) 

where Tq is the equilibrium temperature for a black surface at 1 AU, taken as 
401 ± 6 K, and R is the distance to the sun in AU. The results: Ae„ = 0.89 ± 0.02, 
Axe = 0.73 ± 0.05, and Ari, = 0.67 ± 0.03, can be compared with values obtained 
from analysis of Voyager images: A^n = 0.9 ±0.1, Axe = 0.60 ±0.1, and Are = 

0. 45 ±0.1 (Cruikshank et al, 1984). The large discrepancies for Tethys and Rhea 
probably result from the fact that significant heat is radiated from the night-side of 
these bodies, invalidating the above equation. The good agreement for Enceladus 
is consistent with a very bright friable surface layer that cools rapidly at night, 

1. e., radiates little from the night side. This is also consistent with the high single 
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scattering albedo, low compaction factor, and large scattering asymmetry factor 
derived for Enceladus from Hapke analysis (Buratti, 1985). 

Physical structure. CIRS will combine observations of eclipses, and measure- 
ments of diurnal (orbital) and annual temperature variations to establish tbe vertical 
and horizontal structure of surface thermal inertia. From these data and the assump- 
tion of an icy regolith, the vertical profile of surface thermal conductivity can be 
established. 

The temporal response of a passively heated surface is related to the period, P, 
of the radiative forcing through the thermal skin depth, k: 

A.2 = Pk/{7tpc), (5) 

where k is thermal conductivity, p is density, and c is specihc heat. Thermal skin 
depths are shown in Table VII for typical time scales and expected densities. 

At wavenumbers greater than 200 cm“ ' , thermal radiation observed by CIRS 
will be emitted only from the upper few microns of the surface. Qualitatively, 
the mean level of the diurnal cycle of surface temperature depends on albedo, 
while the amplitude is a measure of the thermal inertia, ^{kpc) (Figure 25). The 
spectrum of a satellite in eclipse (Hand et al, 1981; Figure 24) or at night will 
show signihcant deviations from blackbody behavior, principally due to differential 
cooling across a lateral distribution of materials having various thermal inertias. 
Spatially resolved measurements will enable these differences to be located and 
quantihed. Remarkable spatial variations in thermal inertia have been mapped using 
nighttime temperatures on Mars (Mellon et al, 2000), and on the icy Galilean 
satellites Europa (Spencer et al , 1999), and Ganymede (Pappalardo et al , 2004). On 
Europa, Galileo observations show striking and unexplained variations in thermal 
inertia with latitude and terrain type (Figure 26). On Ganymede, the temperature 
contrasts between bright and dark terrain reverse at night (dark terrain is warmer 
during the day, bright terrain is warmer at night), suggesting that the bright terrain 
contains more spatially-segregated, bright, high thermal inertia, ice than the dark 
terrain (Pappalardo et al , 2004). On Earth’s Moon, fresh craters are warmer at night 
than their surroundings due to the large abundance of high thermal inertia blocks 
on their rims (Saari and Shorthill, 1963). 



TABLE VII 

Thermal skin depths associated with several 
natural heating periods. 



Cycle 


Period 


L 


Eclipse 


~2h 


~0.2 cm 


Diurnal 


~2 days 


~1 cm 


Annual 


30 years 


~70 cm 
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□tone Model Surface Temperatures 




Figure 25. Example model diurnal temperatures for Dione at latitude 15 S, with the subsolar point also 
at 15 S. Two different but plausible thermal inertias are used to show the sensitivity of temperature to 
thermal inertia. Thermal inertia units areergcm“^ s“*^^ K“^. Abolometric albedo of 0.47 is assumed. 
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Figure 26. Contours of brightness temperature distributions on Europa. Contour interval is 1 K for 
the nighttime map, and 2 K for the daytime map; the color scheme is different for the two maps. Local 
time (top abscissa) is given in degrees of rotation past midnight. The terminator is shown by dashed 
black lines, and the subsolar point is indicated by a white star (Spencer et al, 1999). 



CIRS will obtain both full disk and spatially resolved measurements of the 
satellites Mimas through Phoebe (Figure 27). Observations of the dark winter 
north polar regions of Enceladus and Tethys will be obtained to determine the 
annual minimum temperatures in these regions. 
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Figure 27. Idealized Nyquist-sampled FPl map of an I8-mrad diameter disk. For frame time of 4.75 
s (low spectral resolution mode) the execution time is 14.3 min. Designs of this type will he employed 
to map the cold dark sides of satellites to identify and quantify thermal inertia anomalies. 

Composition. The utility of the thermal infrared region of the spectrum for de- 
termining surface composition has become increasingly well known, e.g., in the 
study of asteroids (see review hy Sprague, 2000) and of Mars (Christensen et al., 
2000a,h; Bandfield, 2002; Christensen et al., 2003; Hoefen et al, 2003) Of special 
interest to Cassini will he signatures of ices and processed organics, e.g., kerogen- 
and tholin-like materials. In addition to fundamental and lattice modes, e.g., of 
H 2 O, a number of group frequencies involving stretching and bending modes of 
C, N, O, and H in various configurations are available to CIRS below 600 cm“* 
(Socrates, 1980). The icy Galilean satellites are spectrally featureless from ~8 to 50 
microns (Spencer et al., 2004), but the saturnian satellites may be different, or may 
show features at longer wavelengths. No useful compositional information on the 
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Saturnian satellites was obtained from Voyager IRIS data, due to low signal to noise 
and to limited spectral coverage. In addition, no adequate spectral database existed 
at thermal wavelengths. We are now implementing laboratory studies of ices and 
refractory materials that will cover the spectral range from 10 to 4000 cm^^ (1000 
to 2.5 /xm). The activity will be focused on studying the influence of mixtures of 
refractory material (silicates, oxides, amorphous carbon) and ice(s) (H 2 O, CO 2 , 
CO, NH 3 , etc.) on the reflectance and emittance spectroscopic behavior. Another 
important aim is to improve the knowledge on the temperature dependence of op- 
tical properties of refractory and icy materials and their mixtures (Mennella et al . , 
1998). In the spectroscopic range above approximately 50 cm“^ the fundamental 
diagnostic spectral structures (Christiansen, reststrahlen, and transparency features) 
are present. Moreover, at longer wavelengths spectral information on deeper layers 
of the surface is obtained. Detailed laboratory studies are needed to increase the 
database on the optical properties of different components useful for the interpre- 
tation of icy satellite spectra. Of particular interest to CIRS is the spectral range 
from 200 to 10 cm“' , where water ice becomes increasingly transparent. This offers 
the possibility of recording increased thermal contrast, which would accentuate the 
spectral signatures of minor constituents with long wavelength features such as low 
frequency fundamentals and lattice modes. The associated thermal gradients with 
depth should have much the same effect as atmospheric gradients in increasing 
the contrast of spectral features due to components of the medium. To exploit this, 
CIRS will make extensive FPl observations at local times at which vertical thermal 
gradients are at their maximum. In addition, observations will be made with FP3 
at very high signal to noise to accentuate subtle reststrahlen features that might be 
present in the 600-1 100 cm“* (15 to 9 /xm) region. 

Thermal structure (solid state greenhouse). The concept of a solid state green- 
house was first considered for lo and the other Galilean satellites (Matson and Nash, 
1983; Brown and Matson, 1987; Matson and Brown, 1989). 

It accounts for the fact that sunlight is absorbed over a significant range of depths 
below an icy surface, while the opacity of ices in the thermal infrared means that 
thermal emission occurs only from the uppermost surface. As with an atmospheric 
greenhouse, mean temperature at depth may thus be higher than mean surface 
temperatures. CIRS can exploit the wavelength-dependent transparency of water ice 
beyond 50 /xm to measure vertical thermal gradients at different local times, using 
principles analogous to atmospheric thermal sounding. The depth to unit optical 
depth as a function of wavelength can be estimated using ice optical properties 
and regolith densities inferred from derived thermal inertias. Sold-state greenhouse 
effects can thus be identified or constrained. 

3.3.2. Current Endogenic Activity 

Several of Saturn’s icy satellites may show evidence of recent activity unknown 
in other satellite systems. These include the “wispy terrain” deposits of Dione and 
Rhea, and the uniquely bright surface of Enceladus together with the satellite’s 
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location in the most concentrated part of the diffuse E-ring. Each of these could he 
interpreted as the result of effusive or eruptive activity (though other possibilities 
have been considered for the relationship between Endeladus and the E-ring, e.g., 
Haff et al. (1983) or Hamilton and Bums (1994)). CIRS will search for thermal 
anomalies and unusual spectral signatures as evidence of current activity. 

Cosmogonic arguments suggest that the satumian satellites may have formed 
with up to 20% ammonia hydrate (Eewis, 1972). While evolution subsequent to 
accretion may have been inadequate to melt the water ice component of these bod- 
ies, it is very likely that the melting point of NH 3 -H 20 ice (~175K) was exceeded 
(Ellsworth and Schubert, 1983). If current activity involves the liquid eutectic mix- 
ture, its thermal signature will be unmistakable in both EP3 and EP4 (Eigure 23). 
Eurther, effusion or eruption of this material will be accompanied by an evaporative 
or ejected plume as material is released to the vacuum of space. CIRS will then be 
able to detect possible spectral signatures of gases and condensates in the plume, 
as was done with IRIS data for a plume on lo (Pearl et al . , 1979). NH 3 has a strong 
broad band centered near 1100 cm“^ CIRS will make repeated observations of 
Enceladus throughout the tour. Emphasis will be on mapping the disk with EP3 and 
EP4, both to establish ongoing activity, and to follow its temporal behavior. 



3.4. Saturn’s Rings 

Saturn has the most massive, extended and diverse planetary ring system in the 
solar system. Its three main rings (A, B, and C) span a radial distance of almost 
70,000 km. A large population of particles orbits Saturn in intricate patterns with 
recognizable structure on all scales down to the Voyager observational limit of less 
than 100 m. A number of gaps fall within the main rings, some of which contain 
narrow ringlets. The total mass of the main rings is equivalent to the mass of the 
small Saturnian satellite Mimas. Eour additional, much fainter rings (D, E, E and 
G) have been discovered thus far using ground-based or interplanetary spacecraft 
observations. Cuzzi et al. (1984) and Esposito et al. (1984) give comprehensive 
overviews. 

Saturn’s rings circle the planet in a region where the planet’s gravitational tidal 
force is greater than the attractive forces between individual particles. Here the 
particles cannot accrete to form satellites. The origin and evolution of Saturn’s 
rings are not well understood. Detailed measurements by the Voyager and Pioneer 
spacecraft provide evidence that Saturn’s rings may evolve rapidly under the action 
of physical processes that may reduce their lifetime to less than 100 million years, 
a small fraction of the age of the solar system. The most efficient mechanisms 
for ring particle removal are erosion by meteoritic bombardment or ultraviolet 
radiation on ring particles, and the gravitational interactions with nearby satellites 
that finally drive the ring system toward the planet. However, the evolution of the 
rings relies on poorly known fluxes of impactors, which set the rate of erosion, and 
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on poorly understood physical properties of particles, which govern the outcome 
of interparticle collisions. If the rings are recent, a parent body would have to he 
destroyed in the neighborhood of the planet within the last few hundred million 
years, but the probability of having a close satellite disrupted on this timescale is 
small. Another possibility is that a comet may have been captured and destroyed by 
tides. However, the water ice on the surface of particles in Saturn’s rings appears 
to be too pure to be of cometary origin, so a different parent may be needed. 

Saturn’s rings can be observed from Earth only over a narrow range of phase 
angles (0°-6°), which limits probing their properties. The two Voyager spacecraft 
did better, in that they observed Saturn’s rings at phase angles ranging from 6° to 
155°, two different solar elevations (3.8° and 8°), and over a broad range of opening 
angles on both the illuminated and unilluminated sides. IRIS recorded the ring’s 
spectra between 180 and 2500 cm“* (55.5 — 4 /xm) with a spectral resolution of 
4.3 cm“* and a 4.4-mrad FOV on the sky. IRIS also had a single channel radiometer 
with a common FOV operating in the visible and near infrared, 0.8-2. 5 /xm. 

CIRS will provide major advances over previous spacecraft infrared observa- 
tions of the Saturn’s rings in two respects: the extension of the spectral range to 
submillimeter wavelengths and the use of a linear array with much finer spatial res- 
olution in the mid-infrared. With these new capabilities, CIRS can address many of 
the ring objectives of the Cassini mission, particularly those pertaining to composi- 
tion, ring particle thermal properties, vertical dynamics, rotation states, and radial 
thermal structure. The properties of faint rings will be also explored. Cuzzi et al. 
(2002) provide a more detailed discussion of Saturn’s rings and of the integrated 
ring measurements planned with the Cassini orbiter instruments. 

3.4.1. Particle Composition 

Ring particle composition is a key parameter in determining scenarios for the for- 
mation of the rings and their dynamical and chemical evolution. The bulk of the 
ring material appears to be water ice (Pilcher etal, 1970; Puetter and Russell, 1977; 
Epstein et al., 1984). Its relatively red color at visual wavelengths requires small 
amounts of unidentified impurities in the surface layer of ring particles (Cuzzi and 
Estrada, 1998). The nature of the non-icy constituents, their link with the compo- 
sition of close satellites, comets or meteoroids, and their degree of mixture with 
water ice all provide clues to the origin of the rings. 

Voyager spacecraft images showed radial color and albedo variations across the 
rings (Smith etal, 1982;Dones etal, 1993; Doyle etal, 1989; Estrada and Cuzzi, 
1 996). The A and B rings appear redder than the C ring and the Cassini division. The 
radial color variations likely indicate variations in composition (Estrada and Cuzzi, 
1996). The most probable candidates are silicates, iron oxides or organics, which 
may account for the features in the observed spectrum not attributable to water 
ice (Clark and McCord, 1980). Recent modeling of the visual and near-infrared 
composite spectrum has favored a surface composed of an intimate mixture of 
water ice with a few percent of organic tholins, with the adjunction of traces of 
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segregated amorphous carbon grains (Poulet and Cuzzi, 2002). This supports the 
studies by Cuzzi and Estrada (1998), which showed that the radial color variations 
of main rings were consistent with the pollution of this same kind of intimate 
mixture from carbonaceous material brought in by interplanetary debris. While 
this intrinsic composition is supported by observations, the organic contaminants 
have not been unequivocally identified (Poulet and Cuzzi, 2002). The ability of 
organics to explain observations further in the infrared or in the radio wavelength 
domain has yet to be tested. Finally, ground-based thermal infrared spectroscopy 
in the 8-13 /xm window seems to rule out the presence of silicates in Saturn’s rings 
(Lynch et at, 2000). Voyager IRIS saw no spectral structure out to 50 /xm (Hanel 
et al, 1981, 1982). Future measurements by the CIRS instrument will produce 
additional submillimeter temperatures at a variety of geometries. 

At 100 K the absorption coefficient of water ice decreases by over two orders 
of magnitude from 200 cm“^ to 10 cm“^ (50 to 1000 /xm), making the material 
progressively more transparent (Section 3.3). This decrease is primarily responsible 
for the dramatic variation in the long-wavelength spectrum of Saturn’s rings, which 
changes from nearly blackbody emission at 20 /xm to essentially reflected planetary 
radiation by 1 cm (Figure 28). The ring emissivity is therefore very dependent on 
the fraction of other non-transparent materials. Ring particles have low emissivity 
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Figure 28. Brightness temperatures of Saturn’s B ring for ring tilt angles (j) > 25° (squares) and (p 
between 20° and 25° (triangles) relative to the sun. Between wavelengths of 50 /xm and 1 mm (200 
cm“* and 10 cm“'), the absorption coefficient for water ice at 100 K decreases by a factor ~ 10^, 
making the material progressively more transparent. This gives CIRS the ability to probe icy material 
to various depths, providing a powerful tool for the investigation of the composition and physical 
properties of this material. The open symbol data can be found tabulated in Esposito et al. (1984). 
The triangle with the embedded asterisk is from Roellig et al. (1988). 
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and high reflectivity in the radio wavelength range and essentially scatter planetary 
radiation (De Pater and Dickel, 1991). Interpretation of microwave observations, 
which also sample the hulk of the ring mass hy this effect, constrain the mass 
fraction of the non-icy silicate material to he less than 10% (Epstein et al . , 1984); it 
could he as low as 1% if uniformly mixed (Grossman et al, 1989). Ground-hased 
observations in the 100-/xm to 1-mm region are sparse and difficult because of the 
absorption of water vapor in the Earth’s atmosphere. Very broad beam observations, 
which also suffer from a blending of planetary and ring signals, show that the ring 
brightness temperature rolls off somewhere in this wavelength region. Eor example, 
the B ring brightness temperature changes from 90 K at 20 /xm to near 10 K at 
centimeter wavelengths (Esposito et a/. , 1984;Cuzzi etal, 1984; Haas eta/., 1982). 
Exactly where the spectrum turns over is not known. Some broadband observations 
(Courtin et al, 1979; Whitcomb et al, 1980; Cunningham et al., 1981) seem to 
imply that the spectrum remains flat out to ~400 /xm, before particle-size-related 
effects decrease the emissivity. However, later work by Roellig et al. (1988) at 
380 /xm (26 cm“^) seems to indicate that there may be a gradual decrease in 
observed ring brightness temperature from the infrared into the radio. Roellig’s 
values are about a factor of two smaller than values determined by the authors listed 
above. 

Thanks to its unique sensitivity in a broad spectral range (Table I) and its good 
spatial resolution throughout the Cassini tour, CIRS will have the ability to probe icy 
ring particles to various depths, thus providing a powerful tool for the investigation 
of their composition and the way it varies with distance to the planet. Although 
the spectral signatures of C-H-N-rich organic material are mostly located in the 
near-infrared domain, some are still detectable in the mid-infrared, by the signature 
of stretch vibrations of N-H single bonds at 750 cm“* (13 /xm) for example. Silicate 
features, if any, may also be detected near 10 /xm and 20 /xm. The ring material 
may contain clathrate hydrates of ammonia and methane. The current observations 
in the near infrared cannot rule them out, because their spectral signatures are 
masked by water bands (Puetter and Russell, 1977). Identification of clathrate 
hydrates is only possible in the mid and far infrared where specific features can be 
distinguished from water and guest molecule signatures (Hudson and Moore, 1993). 
But laboratory determinations of optical constants in the far infrared of possible 
constituents (ammonia, methane clathrate hydrates) are required to identify them 
accurately. Any detection of clathrate hydrates in the mid and far infrared would 
imply a recent resurfacing of ring particles, as the lifetime of these volatiles should 
be strongly reduced by sputtering. Cubic crystalline water ice has been identified 
at the surface of Saturn’s ring particles (Grundy et al., 1999). The presence of 
amorphous ice is not ruled out yet. Condensing at low pressure and temperature 
(between 40 and 70 K), water ice adopts an amorphous state. If warmed gradually, 
it is irreversibly transformed into cubic crystalline ice above 1 10 K and then into 
hexagonal ice above 150 K (Smith et al., 1994). If formed at a temperature greater 
than 1 10 K, solid structure of water ice particles remain crystalline despite their 
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actual lower temperature (90 K). Absorption features of crystalline water ice at 44 
(227 cm“*) and 62 /rm (161 cm“*), which disappear in the amorphous state, may 
be then strong indicators of possible scenarios of ring particle formation. They may 
be detected in the CIRS spectrum if the regolith particle size is small enough. 

3.4.2. Thermal Properties of Ring Particle Surfaces 

The dynamics and evolution of rings strongly depend on the outcome of interparticle 
collisions and on the self-gravity of the rings. Energy loss, mass transfer, and 
sticking probability for relevant impact velocities will favor either aggregation or 
disruption and erosion of particles, modifying the size distribution and velocity 
dispersion, and thus the dynamics and structure of the rings. Saturn’s rings consist 
of a vast array of irregular centimeter-sized to house-sized particles, the bulk of 
the ring mass concentrated in particles with radii of a few meters (Marouf et al . , 
1983). A single ring particle has never been observed because of the limited spatial 
resolution of spacecraft instruments (e.g., a few kilometers for Voyager). Surface 
properties that largely constrain the result of a collision can therefore only be 
inferred from indirect observations. Reflectance models applied to visible and near- 
infrared spectra of Saturn’s rings support the idea of particles covered by a regolith of 
50 /xm-sized grains on average (Pollack etal, 1973; Pilcher et ah, 1970; Clark and 
McCord, 1980; Poulet and Cuzzi, 2002). Recent analysis of the phase function of 
Saturn’s rings near opposition suggests that A and B ring particles are significantly 
rougher than those in the thin C ring, maybe lumpy particles, still covered with 
micron-sized particles (Poulet et ah, 2002). 

Measuring the thermal inertia of ring particles is an indirect and independent 
method to explore the structure of the ring particle surface. The thermal inertia can 
be obtained from observations of transient changes in temperature as ring particles 
cross the planetary shadow boundaries or at their surfaces as they rotate. This 
experiment has been proposed initially by Aumann and Kieffer (1973) to measure 
the ring particle sizes. Ground-based observations at 20 /xm in the early 1980’s of 
the heating rate of B ring particles after eclipse behind Saturn (Froidevaux et al., 
1981) have constrained their thermal inertia to be very low, as low as the thermal 
inertia of Galilean satellites, if the particles are centimeter-sized. Pioneer measured 
a 15-K drop in temperature of the C ring during eclipse and less than 12 K for 
the A ring (Froidevaux and Ingersoll, 1980) confirming this qualitative estimate. 
From the observed heating curves at 20 /xm, Ferrari et al. (2003) have quantitatively 
estimated the thermal inertia for the B and C rings to be 3.5 ± 1.2 Jm“^K“^s“^^^ and 
6.3 ± 3.0 Jm“^K“'s“'/^, respectively. They are very similar to the thermal inertia 
of Centaur objects like Chiron or Asbolus. They correspond to very low thermal 
conductivities, of the order of 10“^-10“"^ W m“^ depending on the actual 
porosity of the layer. These thermal properties are consistent with a frosty regolith, 
fractured by cracks from collisions or thermal stresses, or alternatively with very 
porous particle aggregates. The estimates have assumed an energy balance typical 
of slowly spinning particles, but did not account for the anisotropy of the heating 
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on their surfaces along their orhits. In general the particle surface temperature 
and thermal emission vary on the surface along the rotation axis (“latitude”) and 
azimuthally (“longitude”). A new model is being developed to use the crossing of 
the shadow and the day/night anisotropic emission to recover both the spin and 
thermal inertia of spherical particles from observations at different phase angles 
(Leyrat et al, 2003). 

Ground-based observations are limited to phase angles smaller than about 6°, 
but observations by the Voyager 1 IRIS spectrometer cover both low and high 
phase angles. The new model has recently been applied to IRIS observations of the 
C-ring particles passing into Saturn’s shadow (Spilker et al, 2003; Leyrat et al, 
2003). However, the data are limited in the azimuthal sampling of the cooling and 
heating curves, and in phase-angle coverage. This makes it difficult to derive spin 
and thermal properties of the ring particle surface unambiguously. The 4- year-long 
Cassini tour will provide the geometries, azimuthal and radial sampling necessary 
to address these problems. The first minutes of both the cooling and heating curves 
will be observable. Measurements just at the entry and exit from the eclipse allow 
one to test the heterogeneity of the individual particles, i.e., whether the thermal 
conductivity changes between the first few millimeters below their surface and 
their interior. A change in the cooling/heating rates in these periods may appear 
depending on the thickness of a low-thermal-inertia surface layer on an eventually 
more compact core. Energy transport in regoliths depends on the compactness of the 
layer and the possible existence of fractures that prevent heat propagation, and also 
on the size, optical and thermal properties of the regolith grains (Hapke, 1996a,b; 
Snyder-Hale and Hapke, 2002). CIRS will also address the question of the regolith 
grains by studying their emission as a function of wavelength for the main rings. 

3.4.3. Ring Vertical Dynamics and Particle Spins 

The Voyager observations in the early 1980’s revealed numerous radial and az- 
imuthal structures in the disk of Saturn’s rings that are the fingerprints of the 
physical processes at play. Known gravitational interactions with nearby satellites 
can explain fine fo medium scale strucfures in fhe rings, e.g., spiral densify waves 
(horizonfal perfurbafions), bending waves (vertical perturbafions), safellife wakes, 
or eccenfric ringlefs. The observafion of fhese phenomena helps bofh in undersfand- 
ing local dynamical properties, such as viscosify, random velocifies, and vertical 
heighf, of fhe ring layer, and in undersfanding fhe physics and efficiency of fhe 
processes involved. The scale heighf is direcfly relafed to the particle size, particle 
spin, and Keplerian velocity (Cuzzi et al, 1984). 

Vertical structure. Voyager radio and stellar occultation measurements place 
upper limits of 150-200 m on ring thickness in the main rings (Tyler et al, 1981; 
Lane et al, 1982). Locally this may be caused by waves excited by outer satellites. 
Studies of bending waves give smaller estimates, with a local thickness of about 30 
m in the A and B rings (Shu et al, 1982) and perhaps as low as 1 m in the C ring 
(Rosen, 1989). The A and B rings may thus be many-particles thick, whereas the 
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thin C ring appears to be a monolayer. The compatibility of the multilayer structure 
with Voyager observations at high phase angle is questionable (Dones et al . , 1993). 
Cuzzi et al. (2002) use HST observations to show that vertical structure may vary 
with location and the multilayer structure may not always be applicable. 

The vertical thermal structure in the rings can constrain the typical ring scale 
height, as the temperature depends on the mutual shadowing and penetration of 
the sun’s rays into the ring layer(s). A thermal gradient between the lit and unlit 
face of the rings should exist across a many-particle-thick ring. The brightness 
temperature of the unlit face of Saturn’s rings at 45 /xm was first measured by 
Pioneer (Froidevaux and Ingersoll, 1980). The determined value of 54 ± 3 K was 
confirmed by Tokunaga et aZ. (1980) from ground-based observations at 20 /xm with 
a brightness temperature of 56 ± IK for the B ring. Tokunaga et al. , suggest that this 
temperature may originate solely from Saturn’s visual and thermal illumination and 
does not require a supplementary heating by scattered solar light. How this gradient 
varies from the thin C ring or the optically thick A ring is unknown. Several ground- 
based observations at mid-infrared wavelengths in the 70s and 80s have shown that 
the lit face temperature increases with solar elevation for the optically thick A and 
B rings but decreases weakly for the less opaque C ring. Many thermal models have 
been elaborated to reproduce these observations, including alternatively mono- or 
many-particle-thick layers, and vertical inhomogeneity (Froidevaux, 1981; Kawata, 
1983), but nothing definitive can be concluded. The objections about a possible 
monolayer structure for the C ring (Esposito et al., 1984) have been overturned 
by recent ground-based observations in the thermal infrared (Ferrari et al., 2003). 
In brief, the actual vertical structure of Saturn’s main rings is uncertain. Viewing 
geometries have to be diversified to separate both types of vertical structures, most 
particularly how the brightness temperature varies with the elevation of the observer 
at fixed solar elevation and phase angle. 

Vertical Dynamics. Ring particles, as they collide, are tumbling around the mid 
ring plane with a vertical excursion governed by the local dynamics. The ring scale 
height is one measure of this maximum dispersion. The thermal history of a particle 
along its orbit is also a marker of vertical dynamics. It is conditioned by the time 
it spends under sunlight and in the planetary shadow. Its ability to warm up at the 
exit of the shadow is a function of the average time it spends in the shadow of 
its neighbors, which is controlled by its vertical dynamics. Any difference in the 
heating curve between faces will reveal asymmetry in the time spent on each face 
by particles. 

Particle spins. The actual distribution of particle spins in Saturn’s rings is un- 
known. Most of the numerical simulations which have been developed to study this 
aspect are limited to monodispersed size distributions. The spin is prograde in the 
planet-fixed frame. The average spin value in the direction perpendicular to the ring 
plane and in a frame rotating with the particle at mean motion is fc)/^2 ~ 0.3 
(Araki, 1991; Salo, 1995; Richardson, 1994). This number is fixed by the spatial 
distribution of impacts on the particle. The dispersion around this value is highly 
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dependent on friction, energy loss or on the optical depth. When gravitational scat- 
tering is taken into account, co/Q. ^ 0.66 in regions when particle clusters can form, 
in the A ring for example (Salo, 1995). If small particles are added to the simulation, 
they spin faster and have a wider distribution of spins (Richardson, 1994). The spin- 
ning rate of ring particles can he estimated qualitatively from observations with a 
simple energy balance equation. Both monolayer and multilayer thermal models of 
Saturn’s rings suggest slow rotators for the main rings (Froidevaux, 1981, Kawata 
and Irvine, 1975; Ferrari et a/. , 2003; Spilker et a/. , 2003). Slowly rotating particles 
means that particles are essentially emitting over just one hemisphere, so that the 
day/night temperature contrast is important. A thermal model is currently being 
developed to determine whether results of numerical simulations are compatible 
with current observations in the thermal infrared (Leyrat et al, 2003). 

3.4.4. Radial Thermal Structure 

Ring opacity and temperature as a function of wavelength and radial distance from 
Saturn are important CIRS ring objectives. The radial and angular distributions 
of thermal flux from the rings provide a measure of ring opacity as a function 
of wavelength for various regions in the rings. Except for the C-ring, only crude 
estimates of ring opacity were derived from Voyager infrared data (Hanel et al . , 
1981; Flanel et al, 1982). CIRS will be able to determine ring opacity for all 
of the rings at high spatial resolution and over a broader range of wavelengths. 
These observations will provide the missing data on ring opacity from UV to radio 
wavelengths from which a detailed particle size distribution will be finally derived. 
The radial dependence of the size distribution in the disk is a key parameter to 
predict its reaction to perturbations and then its dynamical evolution. 

The ring particles reveal their true physical temperatures at wavelengths of 10 
to 30 /rm; at 20 /xm their emission (and measured brightness temperature) is very 
close to blackbody emission. The physical temperatures of the A and B rings are 
similar while the C ring and Cassini Division temperatures can be slightly higher. 
This behavior is consistent with lower visible albedoes observed for the C ring and 
Cassini Division (Smith et aZ. , 198 1 ; Cooke, 1991). The lit sides of the A and B rings 
exhibit a pronounced decrease in temperature with decreasing solar inclination. As 
the solar inclination decreases, the densely packed ring particles in these higher 
optical depth rings begin to shadow one another, resulting in a decrease in overall 
ring temperature. Temperatures range from 90 K near maximum solar inclination 
to less than 60 K as the solar inclination approaches zero. On the other hand, the 
C ring brightness temperature increases slightly with decreasing solar inclination 
as a result of its low optical depth and increased filling factor. Temperatures range 
from 80 K to almost 90 K when the solar inclination is near its minimum. The 
temperatures on the unlit sides of the A and B rings are typically less than 60 K. 
With its low optical depth, the C ring temperature is similar on both the lit and 
unlit sides of the ring. Figure 29 shows the CIRS NESR per minute of integration 
time for spectral resolutions of 0.53, 3.0 10.0 and 15.53 cm“k CIRS can easily 
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Figure 29. Planck radiances over the full CIRS spectral range for various temperatures. Superposed 
is the CIRS NESR for several spectral resolutions, assuming one minute of integration time. Ring 
temperatures vary from 60 K to 90 K, as a function of the solar illumination angle and of the lit or 
unlit sides of the rings. Comparison with the brightness temperatures of the rings shown in Figure 28 
indicates that CIRS has the sensitivity to adequately probe the sub-millimeter portion of the rings’ 
spectra. 



measure the brightness temperatures of the main rings. Decreasing temperatures in 
the submillimeter region will make measurements in this region more challenging 
(see Figure 28 for submillimeter temperatures). 

Brightness temperatures and optical depths were obtained from the IRIS spectra 
for the A, B and C rings (Hanel et al, 1982). The ring was modeled as a simple, 
homogeneous, non-backscattering slab (multilayer) that radiates as a blackbody. 
For the unlit C ring the derived brightness temperature was 85 ± 1 K, and the 
optical depth was 0.09 ± 0.01, consistent with the values obtained by Froidevaux 
and Ingersoll (1980) from Pioneer data. Brightness temperatures for the A and B 
rings are 50 K to 60 K for the unlit A ring, <50 K for the unlit B ring and 70 K to 
75 K for the lit B ring. These data are uncorrected for optical depth and geometry, 
so they represent lower limits on temperature. Normal optical depths for the Cassini 
Division, A and C rings were in agreement with Voyager and ground-based values 
at shorter wavelengths (Smith et al, 1981; Froidevaux and Ingersoll, 1980; Sandel 
et al, 1982). The higher temperatures of the C ring and Cassini Division particles 
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are consistent with their lower visible albedos. Esposito et al. (1984) and Cuzzi et al. 
(1984) review in greater detail the observations of thermal radiation at wavelengths 
~10 /xm to ~1 cm from Saturn’s ring particles. 

More recent work on the radial thermal structure of the C ring has been done by 
Spilker et al. (2003) assuming that the ring particles are in a monolayer. Temper- 
atures were found to decrease with increasing radial distance in the inner C ring, 
flatten somewhat in the middle of the unlit C ring and then decrease further in the 
outer C ring. For an albedo of 0.24 the slight decrease in temperature in the C ring 
can be mostly explained by including the Saturn visible and thermal contributions. 
Using this same albedo (0.24), the inner C ring is slightly warmer and the outer 
C ring is slightly cooler than the model. This implies either that the albedo is not 
constant throughout the C ring or some other geometric factor must be considered. 
The downward trend in temperature with increasing radial distance is consistent 
with previous measurements: temperatures decrease and albedoes increase from 
the inner to the outer C ring (Cooke 1991). It is also consistent with the optical 
depth trend since the innermost particles are least shaded and are the warmest. 

3.4.5. Faint Rings 

In addition to the main A, B and C rings, Saturn has four much fainter rings, 
designated D, E, F and G. All are composed primarily of micron-sized dust and 
have optical depths r ranging from 0.1 down to ~10“®, compared to ~1 for the 
main rings. Dust grains in the Saturn system are expected to have very short life- 
times, due to a variety of removal and destruction mechanisms including solar 
radiation pressure, electromagnetic perturbations and drag forces, micrometeoroid 
erosion, and sputtering. Hence, the dust in these rings must be continuously replen- 
ished from (often unseen) embedded populations of “parent” bodies. See Burns 
et al. (2001) for a thorough review of the physical processes at work in these 
rings. 

The D ring occupies the region interior to the C ring. It consists of two narrow 
ringlets surrounded by broad belts of fainter material with r ~ 10“^ (Showalter, 
1996). The F ring comprises a set of narrow strands orbiting 3000 km outside the A 
ring. In the finest-resolution images from Voyager, this ring showed peculiar struc- 
tures variously described as kinks, clumps and braids (Smith et al., 1981). These 
structures are probably related to gravitational perturbations from the nearby “shep- 
herding” moons Prometheus and Pandora, although the details remain mysterious. 
This ring shows peak r ~ 1 but only over very narrow strands of ~1 km width; 
more typical r values range from 0. 1 to 0.01 (Showalter et al . , 1992). Next outward, 
the G ring is an isolated, 6000-km-wide band centered 168,000 km from the center 
of Saturn. It is the faintest ring component, with r ~ 10“® (Showalter and Cuzzi, 
1993). It was discovered in charged particle absorption signatures by Pioneer 11 
(Van Allen, 1983) and imaged briefly during the Voyager encounters (Smith et al., 
1981). Finally, Ring E is the largest ring in this (or any) system, extending from 
inside Mimas ’s orbit to beyond the orbit of Dione. It is also vertically extended, with 
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a thickness varying from 6,000 km to 40,000 km at its outermost edge (Showalter 
et at, 1991). Its r is very low, 10“^-10“®, with a distinct maximum near the orhit 
of Enceladus, which prohahly serves as its major source body (Horanyi et al . , 1992; 
Hamilton and Burns, 1994). 

All of the aforementioned physical processes at work in these rings depend 
strongly on the sizes of the dust particles (and on the charge-to-mass ratio, which 
itself varies with size). For this reason, the distribution of dust sizes in faint rings 
is a critical parameter for understanding these rings’ origin and dynamics. To date, 
our understanding of the particle sizes is based on photometric modeling of the 
(typically very limited) visual and near-lR observations from Earth and Voyager. 
Thermal emission from these rings has never been detected. 

Most visual photometry is difficult to interpret for particle sizes because ad- 
ditional particle properties (most significantly, shape) can substantially alter the 
light-scattering properties of a ring population. Cassini CIRS has a distinct ad- 
vantage over visual and near-IR observations in that it will be observing the faint 
rings at wavelengths comparable to or greater than the sizes of the constituent 
particles. In this regime, the effects of particle shape are negligible, simplifying 
the interpretation of the data. The thermal emission from these rings is expected 
to drop off at longer wavelengths, owing to the diminishing thermal emissiv- 
ity of grains as the wavelength approaches and exceeds the particle size. This 
dropoff should be readily observed in the data, so CIRS holds out the possibility 
of providing unique and important new constraints on the dust in Saturn’s faint 
rings. 



4. CIRS Observations 

4.1. Observing Strategy 

CIRS is versatile and complex. It has a commandable spectral resolution, the ability 
to view in both nadir and limb modes, and different fields of view in the mid and far 
infrared. This requires careful planning of observations. The angular sizes of the 
mid- and far-infrared fields of view dictate the distances particular measurements 
are made of the target body. The mid-infrared array pixels, being smaller, can be the 
drivers for useful observations further out than the larger far-infrared focal plane. 
For nadir observations, useful mapping can be achieved on a planet or satellite when 
the FOV subtends a few degrees of latitude. When limb sounding an atmosphere, 
best results are obtained when the FOV subtends a pressure scale height or less. 
Thus, for example, limb sounding of Titan can be usefully executed 5-9 h from 
closest approach in the mid-infrared (FP3 & FP4), but only within 2 h of closest 
approach in the far-infrared (FPl). Nadir maps in the mid-infrared will usually be 
done 12-28 h from closest approach (see below). 

There is a tradeoff between spectral resolution and integration time that must 
be optimized by considering the scientific objective. The instrument noise, or the 
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Noise Equivalent Spectral Radiance (see Section 5.6.1), varies as 
1 

NESR oc (6) 

Ay V? 

where Ay is the spectral-resolution element in cm“^ determined hy the interfero- 
gram scan length, and t is the integration time (Hand et al., 2003). Observations 
to retrieve the abundances of trace atmospheric constituents generally require the 
highest available spectral resolution, because the targeted features are unresolved, 
and the signal (line - continuum) scales as 1/Ay. Although the NESR is greater 
for a given integration time (because Ay is smaller), the SNR scales simply as 
Hence, the search for new species entails long integrations. These tend to be done 
at larger distances from the target body, when there is more time available and 
fewer conflicts with other scientific objectives. However, other observations, for 
example the retrieval of vertical profiles of atmospheric temperature and aerosols, 
can be done with lower- resolution spectra and shorter integration times, allowing 
more extensive spatial mapping closer to the target body. In this case, the spectral 
features are either resolved (e.g., the pressure-induced lines of H2 on Saturn, for 
tropospheric temperature sounding) or resolved sufficiently for the retrieval (e.g., 
the manifolds of the P, Q, and R branches of the V 4 band of CH4, for sounding the 
stratospheric temperatures of Saturn and Titan). In this case the signal is just the 
Planck radiance at the effective emission level, and it is independent of the spectral 
resolution. The SNR then scales as 1/NESR. One could in principle still use only 
the longest interferometric scans corresponding to the highest-resolution spectra, 
and then average adjacent wavenumbers in these spectra to achieve a higher SNR. 
However, there is a penalty in doing this. The gain in SNR is ^Avz,/Avh, where 
Avh denotes the spectral resolution of the original spectrum and Av^ that for the 
spectrally averaged one. If shorter scans corresponding to Avi are used instead, 
the gain in SNR is greater, AvJAvh from (6), because in this case no information 
from the scans has been discarded. Hence, it is generally more efficient for the 
interferometric scan lengths to be tailored to the spectral resolution required for the 
retrieval problem at hand. 

4.2. Saturn 

The 4-year Cassini tour has 74 orbits of Saturn, and it provides the opportunity to 
map Saturn’s atmosphere globally, including looking for time variations over the 
life-span of the mission. This is aided by the varying geometry. Eor example, the 
inclinations of the orbits range from near equatorial to almost 78° near the end of 
the nominal tour. The bulk of the orbits have apoapses in the range 20-70 and 
periapses in the range 2.4—16 7?s- Eigure 30 depicts typical CIRS observations 
of Saturn at different ranges from the planet. These correspond to the entries in 
the last column of Table II, which are linked to the major scientific objectives 
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Figure 30. CIRS observations of Saturn at different ranges from the planet. Within a range of 32 R$ 
the CIRS fields of view are smaller than indicated, relative to Saturn’s disk. 



and measurement targets. The measurement objectives dictate the required spatial 
resolution (hence range to Saturn) and the spectral resolution used. Moving toward 
the planet, the observations are: 



• Composition integrations. Typically done ~45 7?s from Saturn, the individual 
mid-infrared pixels (FP3, FP4) subtend 0.8° of planetocentric arc on Saturn at 
the subspacecraft point. The arrays are aligned north-south, so they span 10 times 
that arc, or 8 ° of latitude at the subspacecraft point. The far-infrared focal plane, 
FPl, covers approximately 10° of latitude. The arrays are held fixed over one or 
more Saturn rotations. The spectral resolution is 0.5 or 1.0 cm“\ and generally 
spectra will be averaged over longitude. The resulting long integrations will map 
the latitude distribution of the oxygen compounds H 2 O (in FPl) and CO 2 (in 
FP3) and of stratospheric hydrocarbons (in FP3), such as C 3 H 4 and C 4 H 2 . The 
integrations will also be used to search for new tropospheric species (in FPl), 
such as HCP, H 2 S, H 2 Se, and the halides. PH 3 can be mapped both in the far- and 
mid-infrared (FPl and FP3). Isotopic ratios, such as [HD]/[H 2 ], [CH 3 D]/[CH 4 ], 
[*^CH 4 ]/[^^CH 4 ], [^^C*^CH 6 ]/[C 2 H 6 ] can be simultaneously retrieved from the 
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integrations. Because the fields of view do not cover Saturn’s disk, latitude dis- 
tribution must be composited from several integrations made over the tour. 

• Mid-IR nadir maps. Executed '^30 Rs from Saturn, these have somewhat higher 
resolution than the composition integrations, but the attitude of the fields of 
view is identical. In this case the arrays span a 5°-latitude band (pixel resolu- 
tion 0.5°) as Saturn rotates. The spectral resolution of the maps is 3 cm“', and 
there is sufficient signal-to-noise to provide longitude-latitude maps of tempera- 
tures in the tropopause region and in the upper stratosphere, using the FP3 and 
FP4 radiances. The latitude mapping must be composited from latitude bands 
acquired during the tour. Most latitudes will be observed at least two times dur- 
ing the tour to obtain median-term temporal variations. Individual bands will be 
observed for two successive rotations or longer to characterize short-term vari- 
ations and also to determine the zonal phase velocities of coherent structures, 
such as waves. In addition to temperatures, the more abundant hydrocarbons, 
such as CiHg and C 2 H 2 , and tropospheric compounds, such as PH 3 , will be 
mapped. 

• Far-IR nadir maps. These are driven by temperature mapping of the troposphere 
in the far infrared, down to approximately the 1-bar level (Figure 4). A spectral 
resolution, 15.5 cm“', is adequate for this purpose. This and the fact that the 
far-infrared portion of the spectrum is closer to the peak of the Planck func- 
tion than the mid infrared means that shorter integration times are required. As 
a result, the fields of view can be scanned across Saturn. The scans are north- 
to-south scans (or vice versa) with flybacks. A scan rate of 0.25 mrad s“^ en- 
sures a precision in the brightness temperature of 0.3 K. The requirement that 
successive scans be adjacent in longitude implies that they can only cover one 
hemisphere (northern or southern) as the planet rotates. Scanning over two or 
more rotations will provide information on short-term temporal variability and 
on the velocities of propagating waves. The mapping sequences are typically 
centered at 16-20 R$, where FPl subtends 4°-5° of planetocentric arc at the 
subspacecraft point. Although FPl is the driver in these maps, temperatures in 
the upper troposphere and tropopause region can be also be retrieved using the 
H 2 S(l) line over the 600-670 cm“^ portion of FP3 (the spectral resolution is 
too coarse to resolve the Q-branch of the V 4 band of CH 4 in FP4). Hence the 
arrays are aligned east-west for the north-south scans. Averaging the FP3 pix- 
els provide both a good SNR and spatial resolution comparable to that afforded 
by FPl. 

• Regional nadir maps. Similar to the mid-IR nadir maps described earlier but lim- 
ited in time, these are executed at higher spatial resolution for select regions, e.g., 
a portion of the ribbon wave near40°N. Typically done at a range of 12-15 R$, the 
individual FP3 and FP4 array pixels subtend 0.2°-0.3° and FPl 3° of planetocen- 
tric arc at the subspacecraft point. At 3 cm“ ' spectral resolution, stratospheric and 
tropospheric temperatures can be retrieved, as well as information on the spatial 
distribution of PH 3 , NH 3 , and major stratospheric hydrocarbons. At 0.5 cm“'. 
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better determinations of these gaseous constituents can be made, as well as of 
trace constituents and new species. 

• Limb maps. Only the FP3 and FP4 pixel arrays have the spatial resolution to 
observe Saturn in the limb mode with approximately one scale-height resolution 
(60 km), and this must be done near periapsis. For these the arrays are aligned 
normal to the limb. A spectral resolution of 15.5 cm^^ is sufficient for retrieving 
temperatures over the altitude range 10-0.01 mbar (Figure 4). Given the spacecraft 
attitude-control uncertainty for pointing (±2 mrad) two vertical positions are used 
at each location. Twenty minutes ensure a precision in retrieved temperatures 
better than 1 K. Eighteen locations can be measured over a 6-h period. The 
observations will cover a series of latitudes, and in some cases, held fixed at a given 
latitude, with Saturn’s rotation providing a succession of different longitudes for 
the soundings. In addition to temperature profiles, the limb maps will allow the 
retrieval of stratospheric CFI4 (Section 3.1.1). 

• Limb integrations. These are similar to the limb maps, except that the fields of 
view remain at a single location. A spectral resolution of 0.5 or 1.0 cm“' is used 
to obtain vertical profiles of CO2 and various stratospheric hydrocarbons. 

• Feature tracks. This is a ^^5-h template for coordinated observations by CIRS, 
the imaging science experiment (ISS, Porco et al, 2004), the visual and infrared 
mapping spectrometer experiment (VIMS, Brown et al . , 2004), and the ultraviolet 
spectrometer experiment (UVIS, Esposito et al, 2004). The feature, or some 
specified area on Saturn, is tracked from limb to limb, as Saturn rotates. As the 
feature moves across the disk, an area equivalent to the 6° x 6° ISS wide-angle 
EOV (corresponding to a latitude span of 17° at the subspacecraft point) is mapped 
by a series of scans. The nadir mapping will measure tropospheric temperature 
perturbations with a precision of 0.2 K, which, for example, can be correlated with 
motions and features in ISS images. The observations will also determine heat 
fluxes associated with the motion of the temperature anomalies. When the feature 
is on both limbs, limb soundings will retrieve stratospheric temperatures with a 
vertical resolution of about a scale height. These may show evidence of vertically 
propagating disturbances associated with the feature that transport momentum 
and energy to the stratosphere. Eor the temperature-sounding flavor just given, 
the spectral resolution is 15.5 cm“*. An alternative, composition-driven, version 
is executed in similar fashion, except that the spectral resolution is higher (3, 
1, 0.5 cm^*). Because of the SNR requirements, a smaller area is mapped, ~5° 
latitude. Specific targets are the spatial distribution of NH3 (with a SNR of 3- 
12), PH3 (SNR ~4-17), and stratospheric hydrocarbons. An important objective 
is to determine whether meteorologically “interesting” local regions, e.g. , with 
strong vertical motions, are characterized by subtle differences in atmospheric 
composition. 

There are other observations that can fit into the previously listed categories, but 

which have specific measurement targets. Among these is: 
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• Radio-occultation-point observations. Nearly simultaneous observations by 
CIRS and RSS exploit synergies of tbe two types of data. For example, the 
combination of CIRS and RSS data can provide a better determination of the He 
abundance (Section 3.1.1). Moreover, higher vertical resolution of temperature 
profiles retrieved from radio-occultation soundings can help in the analysis of 
temperature perturbations seen in CIRS temperature maps and cross sections. By 
the nature of the geometry of the occultation, which is observed on Saturn’s limb, 
and also the relative orientation of the spacecraft high-gain antenna (used by RSS) 
relative to the CIRS boresight (90° apart in the sky), it is usually not feasible to do 
near-simultaneous observations, and the CIRS observations often must be done 
one or two Saturnian rotations away from the actual occultation. The targeted 
CIRS observation has two parts, nadir and limb. The nadir observation is similar 
to the MIR nadir maps and regional nadir maps, with the mid-infrared (FP3, FP4) 
arrays aligned north-south at a location so that the planetary rotation sweeps the 
occultation location through all three focal planes. Spectral resolution is 3 cm“'. 
The limb observation is similar to the mid-IR limb map, described above (spec- 
tral resolution 15.5 cm“'), except profiles are retrieved only in the vicinity of the 
occultation. When the competing demands of other activities preclude observing 
the occultation point, a fallback position is to observe the occultation latitude 
close in time to the actual event. 

4.3. Titan 

There are 44-targeted flybys of Titan during the 4-year nominal Cassini tour. The 
most distant targeted flyby has a closest-approach altitude of 10,630 km, but vir- 
tually all the rest are within 3000 km, with over half around 950 km. Figure 3 1 
provides a generic timeline for a close Titan pass (less than few thousand kilometers 
altitude at closest approach), and schematically depicts the various types of CIRS 
observations. These correspond to the entries in the last column of Table V. 

The temperature-mapping sequences illustrate well the considerations that come 
into play for limb and nadir viewing when the different fields of view are the drivers. 
Moving closer in range to Titan, these sequences are (Figure 31): 

• Mid-IR nadir maps. These use the radiances in the V 4 band of CH 4 . to map temper- 
atures in the upper stratosphere (Figure 12). They are nominally 7-h sequences, 
ideally executed within a range of 380,000 km from Titan (~19 h from closest 
approach), where the mid-infrared array pixels each resolve 2.5° of body-centric 
arc at the subspacecraft point. With a fixed remote-sensing pallet, it is more ef- 
ficient to articulate the spacecraft in a series of continuous slews, rather than 
discrete steps, across the disk in a push-broom fashion. A spectral resolution of 
3 cm“' (10-s interferometric scans) ensures adequate resolution of the P, Q, and 
R branches of the V 4 band of CH 4 . A slew rate of 4 /xrad s“' means that the 
0.3 mrad pixels will move half their width in 40 s, or 4 interferometric scans. 
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Figure 31. Generic Titan flyby timeline with CIRS observations. Time from closest approach can 
be converted to range by noting that the spacecraft velocity relative to Titan is typically 5.5-6. 1 km 
s“'. The relative size of the CIRS fields of view is smaller than indicated within 4 h of Titan closest 
approach. 



Averaging these would ensure a precision of 0.25 K in the retrieved temperatures 
in the upper stratosphere. 

• Mid-IR limb maps. These provide better vertical resolution in the upper strato- 
sphere and mesosphere (Figure 12). At 6 h from Titan closest approach, or a range 
of 120,000 km, the mid-infrared pixels resolve 36 km on the limh, comparable 
to the scale height (42 km) in the upper stratosphere. In the limb mode, 15.5 
cm“^ is sufficient to resolve the V 4 band of CH4 for temperature retrieval. The 
mid-infrared arrays are held steady on the horizon, normal to the limb. Twenty 
interferometric scans can be acquired in approximately one minute, sufficient for 
a retrieved temperature with a precision of 0.25 K. After one location is observed, 
the arrays are moved to the next position, a few degrees along the limb relative 
to Titan’s center. 

• Far-IR nadir maps. The 4-mrad FPl FOV is the driver here. At 3 h from Titan 
closest approach, the range is 60,000 km, and the FOV subtends 5° of body- 
centric arc at the subspacecraft point (Figure 31). As with the mid-lR nadir maps. 
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the FOVs slew across the disk. To retrieve temperatures in the upper troposphere 
and tropopause region, a spectral resolution of 15.5 cm“' requires a slew rate of 
40 /xrad s“*. However, if surface temperatures are simultaneously retrieved from 
the radiances in the window near 520 cm^* (which will usually he the case), much 
slower slew rates are needed (see helow). An additional complication arises in 
using lower-resolution spectra helow 150 cm^^ for temperature retrieval, because 
of the superposition of several optically thin rotational lines of CH4, HCN, H2O, 
and other molecules, discussed earlier, on top of the underlying broader spectrum 
associated with N2 pressure-induced absorption. Adequate resolution of these 
lines requires a spectral resolution of at least 1 cm“ ^ . To avoid a systematic bias 
in tropospheric and tropopause temperatures retrieved from the lower-resolution 
spectra, an empirical correction will be applied as a function of latitude. This will 
be based on the far-IR nadir composition integrations described below, which 
will be done at 0.5 cm“^ resolution and at 160,000-270,000 km from Titan. As 
a check, a few of the far-IR nadir map scans closer in will be executed at 1 cm“* 
resolution. 

• Far-IR limb temperature and aerosol scans. Done within 75 min of closest ap- 
proach (Figure 31), the best resolution for temperature sounding occurs inside 
of 45 min. At 30 min out the FPl FOV resolves 40 km altitude on Titan’s limb, 
about one scale height in the upper stratosphere. Spectra with 15.5 cm“* spectral 
resolution will be acquired during vertical scans of 40 /xrad s“' . From these, ver- 
tical profiles of temperature between 8 and 100 mbar will be retrieved. As with 
the nadir-viewing spectra, the low-resolution limb spectra will require the effects 
of unresolved rotational lines to be corrected before temperatures are retrieved. 
This is possible through the use of far-infrared limb integrations, acquired at one 
to two hours from closest approach at full spectral resolution. 

• Surface-temperatures mapping. As noted in Section 3.2.4, both nadir and limb 
observations in the far-infrared are required to separate surface and stratospheric 
emission. The requisite limb spectra will be obtained in the dedicated aerosol 
limb and temperature scans, taken within 75 min of Titan closest approach (range 
25,000 km), which were described above. The far-infrared nadir mapping can be 
done during the sequences described for mapping the troposphere and tropopause 
temperatures. However, the scan rates must be very slow, ~6 /xrad s^^; this is 
equivalent to an integration time of 5 min in the 4-mrad FPl FOV. 

The sequences described above can also be used for compositional studies. 

However, there are other observations dedicated to longer integration and high 

spectral resolution, 0.5-1 .0 cm“ ^ . Moving toward Titan closest approach, they are: 

• Mid-IR nadir integrations. These are typically done 500,000-1,000,000 km from 
Titan; for targeted flybys, this occurs one day or greater from closest approach. At 
this point the arrays span 60% or more of Titan’s radius. When the arrays are ori- 
ented north-south, the integrations will the latitude distribution of hydrocarbons 
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(CH 4 , CH 3 D, C 2 H 2 , C 2 H 4 , C 2 H 6 , C 3 H 8 , C 4 H 2 , C 3 H 4 ), nitriles (HCN, HC 3 N and 
CH 3 CN), the oxygen compound CO 2 , and new species (e.g., the CH 3 radical, 
CfiHfi, CH 2 =C=CH 2 , etc.). 

• Far-IR nadir integrations. These integrations are executed closer in to Titan, 
at a range of 160,000 to 270,000 km (8-13 h from closest approach). They 
will measure the stratospheric emission from the rotational lines of CH 4 , HCN, 
CO, and H 2 O, as well as providing a basis for detecting new compounds. For 
better spectral contrast of the stratospheric emission, the integrations are at 1.5-2 
airmasses. Generally, only one location will be observed during an integration. 
Spatial mapping must be composited from multiple flybys during the tour. 

• Mid-IR limb integrations. Done 5-9 h from Titan closest approach, these are 
similar to the mid-IR limb maps described above, except in the execution. Instead 
of repositioning at successive locations on the limb, the arrays are centered at two 
altitudes - 125 km and 225 km - on the limb at a single location. The targeted 
species are identical to those for the mid-IR nadir integrations, above, but the 
limb- viewing geometry provides better vertical resolution with the arrays. 

• Far-IR limb integrations. These occur between ~one and two hours from closest 
approach. The FPl focal plane is centered at 225 km and 125 km, for coarse 
vertical profiles of CH4, HCN, CO, and H2O. The latter two require the longest 
integrations, about 90 min for each position. Typically this cannot be accommo- 
dated during a single flyby, and the vertical profiles and latitude mapping must 
be composited from several Titan flybys. 

Nadir observations are typically done further from closest approach than the 
corresponding limb observations. The former therefore have more time afforded 
to them and thus offer better horizontal coverage, although the information on 
vertical structure is more limited than with limb sounding. Repeated observations 
at the same location, separated well in time during the Cassini tour, will define 
temporal variability on seasonal time scales. 

4.4. Icy Satellites 

During the Cassini tour, there are eight flybys of the classical icy satellites targeted 
at 1000 km or less, as well as a number of “Voyager-class” (<300,000 km) en- 
counters. There are also flybys of several much smaller satellites, such as Janus 
and Epimetheus, at various distances. The dimensions of these objects range from 
less than 100 km to as much as 1530 km (Rhea). Consequently, it is most useful 
to discuss CIRS observations in terms of the angular diameter of the object, rather 
than its distance from the spacecraft (see Figure 22). 

Normally the spacecraft orientation is controlled by momentum wheels, which 
provide pointing accuracy and precision of ~2 mrad and ~0.04 mrad, respectively. 
Consequently, the full spatial resolution of the FP3 and FP4 pixels (0.3 mrad) 
cannot be utilized with reasonable confidence until the target exceeds 1 mrad in 
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diameter. At that point, the separation between focal planes 3 and 4 (0.9 mrad), and 
the large size of FPl (nominally 3.9 mrad) offer reasonable assurance of obtaining 
useful data in either FPl or at least one of FP3 and FP4. As with the planet and the 
rings, the order of magnitude difference in FOV scale between FPl and the other 
focal planes plays heavily in the design of the icy satellite observations. Approach- 
ing from a distance, CIRS observations might proceed roughly in the following 
order. 

• Compositional integrations. These are typically performed at ranges where the 
target angular diameter (AD) is 1-3 mrad. Because spectral features of solid 
materials are generally broader than those of molecular lines, these observations 
are made at 1-3 cm“^ resolution. Conducted in staring mode, using FPl and 
the center detectors of FP3 and FP4, these are concentrated in geometries with 
low phase angles, so as to view the icy satellite surfaces at their warmest and 
maximize the SNR. Due to the nature of the Planck function, there is a steep 
rolloff of thermal intensity with increasing wavenumber. This requires increasing 
integration time to extend the range of the spectrum. For a 100 K surface and a 
spectral resolution of 3 cm^\ a SNR of 10 at 600 cm^^ can be obtained with one 
minute of integration, but extending the spectrum to 800 cm^' with the same SNR 
requires integration of 100 min (Figure 29). Therefore, extending the spectrum 
to the highest wavenumbers will involve coadding spectra over the entire tour. 

• Eclipse observations. Several passages of the satellites through Saturn’s shadow 
will be observed at entry and exit. Typically AD > 1 mrad, phase angle (j) < 100°, 
Ay = 15.5 cm“^ and the eclipse duration is ~2 h. The high sensitivity of FPl 
permits observations of objects even when the FOV is incompletely filled, or when 
the phase angle is moderately high. At low phase angles, even FP3 can be used to 
follow the initial portion of the cooling curve for relatively dark objects (Figure 
23); this allows observations with body-centric spatial resolution better than 10° 
to be made when the apparent target size exceeds ~3 mrad. Eclipses provide the 
thermal inertia of the upper mm or so of the surface, as well as estimates of surface 
coverage by relatively large fragments of consolidated material (Figure 24). 

• Phase/longitude (diurnal cycle) coverage (AD > 1 mrad, Av = 15.5 cm“\ 10-20 
min). Focal plane 1 will be utilized to determine the disk-averaged temperature 
of the satellites. From the resulting diurnal behavior, mean thermal inertias in the 
upper cm or so of the surface will be derived. 

• Global thermal inertia mapping and/or hot spot monitoring (AD > 3 mrad. Ay 
= 15.5 cm“'). Maps are made by slewing and rastering FP3 and FP4 across 
the disk at rates not to exceed that for Nyquist sampling (16 /xrad/s in blinking 
mode); observation durations will typically be 10-30 min. These maps will be 
successful for varying portions of a satellite, depending on its albedo, thermal 
inertia and phase angle. The exception is Enceladus, which is so cold that even the 
subsolar regions will be barely detectable in an individual measurement. In this 
case, mapping will serve to monitor the satellite for ongoing endogenic activity; 
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e.g., active sources at or above the NH 3 -H 20 eutectic temperature will be easily 
observed if they fill more than a few percent of an FP3 or FP4 pixel (Figure 23). 

• Search for a solid state greenhouse (AD > 10 mrad, f < 40°, An = 15.5 cm“*, 
15 min). In the far-IR the decreasing absorption coefficient of water ice with de- 
creasing wavenumber permits detection of radiation from increasingly far below 
the surface, reaching as deep as 1 cm at 10 cm“^ Slow east- west slews using 
FPl allow following the gradual penetration of the thermal wave into the regolith 
throughout the day. 

• Polar night (annual cycle) coverage (AD > 10 mrad, Av — 15.5 cm^\ 15 
min). FPl observations of the dark winter polar region from high latitude permit 
determination of the seasonal cooling curve. This enables an estimate of thermal 
inertia in the upper tens of centimeters of the polar regolith. 

• High-resolution hemispheric FPl mapping, near closest approach (AD > 10 
mrad, Av — 15.5 cm“'). The high sensitivity of FPl permits rapid mapping of 
satellite disks near closest approach, where time is at a premium. Nyquist-sampled 
maps at low spectral resolution (slew rate 420 /xrad/s) will typically take 10-30 
min. These permit identification of minor thermal anomalies, even on the night 
hemisphere, as for example, revealed for Europa from Galileo Photopolarimeter 
measurements (Figure 26). 



4.5. Saturn’s Rings 

The 4-year Cassini tour has three distinct intervals of inclined orbits which are of 
primary interest for ring science (Cuzzi et al, 2002; Matson et al, 2002; Wolf, 
2002). The early inclined sequence, which begins about 9 months into the tour, 
catches the rings close to their maximum opening angle, and near their warmest. 
These orbits reach a maximum inclination of about 20°. This sequence is followed 
by almost a year with the spacecraft orbiting in Saturn’s equatorial plane. This time 
is good for edge-on ring measurements, primarily of the faint rings. The Titan 180° 
transfer sequence begins about two years into the tour. This sequence has two stages, 
an “up-leg” where the orbit inclination is increasing, and a “down-leg”, where the 
orbit inclination is decreasing. The maximum inclination in this sequence is about 
50°. A few months later the final, high inclination sequence begins. The spacecraft 
ends the 4-year tour in a high-inclination orbit (about 75°) with periapse on the lit 
side of the rings. This time provides a unique, high-inclination view of the rings. 

SOI. The short period of time immediately following the Saturn Orbit insertion 
burn is of key interest for CIRS ring science. The spacecraft soars over the unil- 
luminated side of the main rings and is nearly an order of magnitude closer to the 
rings than it will be at any other time in the mission. A single scan of a portion of 
the main rings will be obtained at 15.5 cm“' resolution. CIRS FPl resolution will 
range from 100 to 250 km, and FP3/4 resolution will range from 8 to 19 km, with 
the highest resolution over the A ring. 
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Figure 32. CIRS observations of Saturn’s rings as a function of spacecraft elevation. Typical CIRS 
ring observations are depicted as a function of the observed ring opening angle. 



CIRS FPl, FP3 and FP4 — Range vs. Resolution 




Figure 33. CIRS FPl and FP3/4 spatial resolution as a function of distance from the rings. The spatial 
resolution for FPl and a single pixel in FP3 or FP4 are shown as a function of the distance from the 
rings, for normal ring viewing. The curves above also depict the ring radial resolution when viewing 
the rings at either ansa. For comparison, the radial extent of ring features such as the Cassini Division, 
B ring plateau/C ring ramp, and C ringlets are indicated. 

The main types of CIRS ring observations are listed below, in order of increasing 
spacecraft elevation. A schematic of these observations is shown in Figure 32. 
Typical ring radial resolution for focal planes FPl and FP3/4 as a function of 
distance from the rings is shown in Figure 33. 
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Faint ring long integrations. The low optical depths of the faint D, E, F and G rings 
will pose particular observing challenges for CIRS. These rings are best viewed 
edge-on because this geometry enhances the fill factor of the instrument field of 
view. Low specfral resolution of 15.5 cm^' with FPl provides the best signal- 
to-noise and should be sufficient for detecting the variations of emissivity with 
wavelength, which is our primary measurement goal. From close range (~10 7?$) 
and small opening angle, the FPl filling factor will approach 1% when pointed at 
the F ring’s ansa. Integrations of ~10 min should yield usable signals. However, 
because the F ring is so clumpy, it needs to be sampled at many longitudes before 
a truly representative spectrum can be obtained. Observations will consist of 
alternating between both ring ansae every ~30 min to achieve the most complete 
rotational coverage of this ring. The E ring will be observed by pointing FPl 
near the orbit of Enceladus, where the long edge-on line of sight through the 
ring maximizes the fill factor. However, this fill factor will still remain quite 
low, ~10“"^, so, detecting the E ring will require many, perhaps 100 or more, 
hours of integration. On the other hand, because the ring is so thick vertically, the 
observing range can be quite large (30-40 Rs). More observing time is available 
then during these apoapse periods of the tour. The VIMS and UVIS instruments 
will also require substantial integration on this ring, so E ring observations will be 
cooperative activities between all of Cassini’s optical remote sensing instruments. 
Unfortunately, the best possible fill facfors for the remaining rings, D and G, 
are still lower than for Ring E. It is unlikely that either will be detected with 
CIRS. 

Composition integrations. CIRS will determine with unique accuracy the ring 
spectrum between 50 and 1000 /xm. As intimately mixed contaminants signifi- 
cantly influence this part of the spectrum, mixtures derived from the visible and 
near-infrared spectra will be tested against this new spectrum. Spectra of the three 
main rings over the full CIRS wavelength range will be obtained to determine 
possible radial variations in the bulk composition. Two types of observations will 
be made: high spectral resolution (0.5 cm“*) FP3 emission measurements of the 
A, B and C rings, and high spectral resolution transmission measurements of the 
rings with the rings against Saturn. The former can be obtained from large ranges 
20^0 Rj because of FP3’s fine spatial resolution; long integrations of 10-20 h 
will be obtained on representative radial locations in each ring. The transmission 
measurements will be made from 20 Rs at relatively low ring opening angles. 
This will allow a search for absorption features in the A and C rings, and the 
Cassini division. The same region of Saturn will be observed in at a similar spa- 
tial resolution when the rings are not present, to establish the background. The 
transmission spectra will be obtained over a series of emission angles. 

Stellar occultations. A handful of stellar occultations are observed by CIRS to 
directly obtain the ring opacity in the infrared. Only a limited number of targets are 
observable by CIRS, including CW Leo and Eta Carinae. Eta Carinae occultations 
are only observable during the final month of the tour. Occultations are observed 
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in one FP3 pixel (CW Leo) or one FP4 pixel (Eta Carinae) at 15.5 cm“* spectral 
resolution. 

• Radial scans. These scans are typically executed between 5 and 20 Rs over a 
range of spacecraft inclinations, from low (5°) to highest possible inclination 
(75°). Radial mapping (FPl, FP3) of the rings, on both lit and unlit sides, over 
a range of spacecraft elevations, local times and phase angles, is performed to 
obtain broadband radiometric measurements of the total flux and spectral shape 
in the CIRS wavelength range. Sets of observations are obtained in each of the 
inclined orbit intervals to map the temperature variation in the rings with changing 
solar illumination. Two types of scans are planned. Temperature scans will consist 
of spectra taken at 15.5 cm“^ spectral resolution of the lit and unlit sides of the 
rings at many incidence and emission angles and provide prime information on 
the ring thermal gradient as a function of radial distance to Saturn. Submillimeter 
scans will be made of spectra at 1 cm^* spectral resolution of the lit and unlit 
sides of the rings to map the thermal characteristics and composition of the ring 
particles out to 1 mm. 

• Azimuthal scans. These observations are executed between 5 and 20 Rs at space- 
craft inclinations greater than 20° . They will be used to study the surface prop- 
erties, the vertical dynamics, and the spin of ring particles. Observations of the 
cooling and heating of the ring particles entering and emerging from the plan- 
etary shadow are planned to derive particle thermal inertias for all three main 
rings. Measurements at moderate radial resolution (typically 1000 km) across the 
shadow boundaries at low spectral resolution (15.5 cm“*) with the FPl FOV. To 
constrain the vertical dynamics of ring particles, the temperatures of the main 
rings will be measured by CIRS along the azimuth of the main rings, from the 
exit of the shadow (morning) to the evening ansa, both on the unlit and unlit faces. 
This unique experiment will be realized with spectra at low spectral resolution 
(15.5 cm“^). Spins create both an azimuthal asymmetry in the ring temperature 
and a dependence of the temperature with the emission angle, due to day/night 
contrast. Circumferential scans at a variety of phase and emission angles will be 
executed to detect azimuthal asymmetries and the anisotropy in the ring particle 
emission function which are both function of particles spin and thermal inertia. 
Occasionally, when observing time is highly disputed, long azimuthal scans (8- 
20 h long depending on geometry and face) will be replaced by a series of radial 
scans at different azimuths. 

There are other types of joint observations as well. Combined data from CIRS 
and VIMS, over a wide range of geometric and illumination conditions, will de- 
fine the interior thermal distribution, from which a density distribution within the 
particles can be estimated. The thermal inertia and the infrared optical depth will 
be derived, which will provide information on regolith density, and possibly on 
collisional processes. The determination of the interior thermal distribution relies 
on the opportunities afforded by the orbiter and the semi-transparency of the ring 
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particles at submillimeter wavelengths. Information about the particle interiors will 
be obtained by long spectral averages at various locations in the rings with spatial 
resolutions from a few hundred to several thousand km. These observations will be 
taken at many incidence and emission angles over the mission. 

5. Instrument Description 



5.1. Overview 

The CIRS instrument consists of the Optics Assembly (OA), Electronics Assem- 
bly (EA), and an interconnecting External Harness (EH). A photo of the CIRS 
Engineering Model (EM) on the Remote-Sensing Platform (RSP) is shown in 
Eigure 34; the EM has the telescope cover off while undergoing ground optical 
boresight tests. The CIRS instrument evolved from the Voyager Infrared Interfer- 
ometer Spectrometer (IRIS) (Hanel et al, 1979), a single infrared interferometer 
covering the 1 80-2000 cm“ * (56-5 /xm) region with an apodized spectral resolution 
of 4.3 cm“* . IRIS had a single thermopile detector with a 4.4-mrad diameter field of 
view (EOV). The CIRS instrument consists of two combined interferometers, op- 
erating in the far-infrared (10-600 cm“') and mid-infrared (600-1400 cm“^) with 
a commandable apodized spectral resolution as high as 0.5 cm“ ^ . The two interfer- 
ometers share a common telescope and scan mechanism. The far-IR interferometer 
is a polarization interferometer, with a focal plane (labeled EPl) consisting of two 
thermopile detectors with a 3.9 mrad EOV. The mid-IR interferometer is a con- 
ventional Michelson interferometer with two focal plane arrays (EP3, EP4), each 
having 10 HgCdTe detectors, with 0.273 mrad EOV per pixel. (An additional focal 
plane, EP2, was eliminated in a Cassini downsizing). Table I summarizes the in- 
strument characteristics. Kunde et al. (1996) provide a more complete engineering 
description of the instrument. 

5.2. Optics Assembly 

The OA consists of the beryllium telescope, relay optics, scan mechanism, two 
infrared interferometers, a reference and white-light interferometer, an 80 K passive 
radiator cooler, an instrument radiator, and detectors. 

5.2.1. Optical Design 

Eigure 35 illustrates the conceptual design of CIRS. Infrared radiation is focused 
by the telescope on a field splitting mirror, which divides the incident beam between 
the far-IR and mid-IR interferometers. In each interferometer, fore-optics collimate 
the beam and pass it through a beamsplitter and retroreflectors. In both interferom- 
eters, one retroreflector is fixed and fhe other is attached to the scan mechanism. 
After the beamsplitters, the recombined output beams go to the focal planes and are 
focused on the detectors. A reference interferometer provides servo signals for the 
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Figure 34. CIRS on the Cassini Optical Remote Sensing Pallet. 
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Figure 35. CIRS conceptual layout. Radiation from the telescope is field-split between the mid-IR 
and far-IR. interferometers. The moving retroreflectors share a common drive mechanism. 



scan mechanism to maintain a constant velocity and to control data sampling. The 
reference interferometer uses the same moving retroflector as the mid-IR interfer- 
ometer in order to track the motion of the mechanism. The instrument, telescope 
and FPl are operated at a temperature of 170 K. FP3 and FP4 are mounted on a 
passive cooler radiating to space, and are operated near 80 K (typically in the range 
75-80 K). 

A brief description of the major optical subsystems follows: 

Telescope. The CIRS Cassegrain telescope is identical in size to the Voyager IRIS 
telescope, with an improved optical quality. It provides a large aperture, small field- 
of-view, and minimum volume. The telescope consists of a 50. 8-cm F/6 paraboloidal 
primary mirror and 7.6 cm diameter hyperboloidal secondary mirror. A cylindrical 
tube extends from the central portion of the primary mirror to support the secondary 
mirror. The mid-IR FOV is centered on the telescope axis (see Figure 1) to provide 
good image quality for the FP3 and FP4 arrays. The central obscuration of the 
telescope is 41%. The primary and secondary each has its own sunshade/radiator. 

Fore-optics. An entrance aperture plate, located at the telescope focus, directs 
the incoming radiation into the two infrared interferometers. There are two field 
stops at the exit focal plane of the telescope, corresponding to the fields-of-view 
of the two interferometers. The center of the mid-IR field stop is coincident with 
the telescope axis. The axis of each interferometer is aligned with its respective 
field stop. Between each field stop and its interferometer is a field splitting mirror. 
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a collimator, and a folding flat. The mid-IR fore-optics has a mechanical shutter 
which can he commanded to block the beam for calibration. The far-IR beam passes 
through a solar blocking filter, which rejects wavenumbers short of 600 cm“* to 
protect the thermopile detectors against accidental solar illumination. A polarizer 
acts as the folding flat in the far-IR. To minimize the sizes of beamsplitters and 
mirrors, the fore-optics are arranged to place the pupils (images of the primary 
telescope mirror) at the retroreflectors in the two interferometers. 

Infrared interferometers. The far-IR and mid-IR interferometers provide com- 
plete coverage of the 10-1400 cm“' range, with an apodized resolution as high as 
0.5 cm“ ^ . The far-IR interferometer uses polarization modulation, produced by my- 
lar mounted wire grid polarizers, to provide coverage of the 10-600 cm“^ region. 
The mid-IR interferometer is a conventional Michelson using a KBr beamsplitter, 
covering the 600-1400 cm“* range. The far-IR and mid-IR interferometers use 
two types of retroreflectors. Cube comers are used in the mid-IR to provide tilt 
compensation during scanning and to minimize misalignment at 170 K. Dihedral 
mirrors are used in the far-IR to rotate the beam polarization by 90° before re- 
turning it to the beamsplitter (so that the transmitted/reflected incoming beam is 
reflected/transmitted toward the detector). 

Reference interferometer. A reference interferometer, using a 785 nm (@ 170 K) 
diode laser, shares the mid-IR moving retroreflector and provides a servo signal for 
velocity control. The reference interferometer also produces a white-light fringe 
just before the start of scan to initiate sampling. 

Focal planes. Radiation exiting the interferometers is focused on the detector 
focal planes with a germanium lens (FP3, FP4) and an on-axis mirror (FPl). The 
focal-plane detectors are discussed in detail below. 

5.2.2. Fields of View 

Figure 1 summarizes the locations of the CIRS focal planes in the plane of the sky. 
These were obtained from several scans of Jupiter and bright infrared stars, which 
were made in April to October, 2001, after the Jupiter swingby (closest approach: 
December, 2000). Over this period, Jupiter’s diameter, viewed from the spacecraft, 
decreased from 1.24 mrad to 0.48 mrad. In May, 2002, another set of scans was 
made across Jupiter, when its angular diameter was 0.290 mrad, to determine the 
spatial response of FPl. This is discussed in Appendix B. A final set of scans will 
be made in May, 2004, when Jupiter subtends 0.1 14 mrad, to determine the spatial 
response of each pixel in FP3 and FP4. 

5.2.3. Far-IR Interferometer 

The far-IR interferometer operates on the principle of polarization modulation in- 
troduced by Martin and Puplett (1969), and Martin (1982). The interferometer 
operates by first polarizing the radiation and then modulating its polarization. The 
beam entering the interferometer is linearly polarized by an input polarizer. At the 
beamsplitter polarizer, which is oriented at 45° with respect to the input polarizer. 
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CIRS FOCAL PLANE 1 ASSEMBLY 




Figure 36. CIRS far-IR FPl assembly, consisting of the focusing mirror and mechanical structure 
supporting the thermopile detectors and polarizer/analyzer. 



the beam is further split into two orthogonal components. These are sent to the two 
retroreflectors, rotated 90°, and returned to the beamsplitter. A phase difference 
between the two components is introduced by the path difference between the two 
arms. The beams are recombined at the beamsplitter and sent to the focal plane. The 
recombined beam is elliptically polarized and its instantaneous state of polariza- 
tion switches between two orthogonal linear states as the moving mirror is scanned. 
These are selectively transmitted (and reflected) by the polarizer/analyzer, located 
in front of the detectors. The detector signals are therefore modulated, and the mod- 
ulation frequency is proportional to the wavenumber (cm“^) of the radiation. The 
result is a conventional interferogram. 

The beam from the interferometer is focused by an on-axis parabolic mirror (f/1) 
at the entrance of a compound parabolic concentrator (CPC) located in front of each 
thermopile detector (see Figure 36). Prior to reaching the CPC’s, the beam is split 
by the polarization analyzer. The transmitted polarization component is detected 
by one thermopile detector and the reflected polarization component is detected 
by the other thermopile detector. The use of two detectors gives a gain in signal, 
eliminates unmodulated intensity fluctuations, and provides redundancy. 

The polarizing interferometer (10-600 cm“') uses substrate-mounted wire-grid 
polarizers to split, recombine, and analyze the radiation. This technique takes 
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advantage of the existence of nearly ideal wire-grid polarizers for the far infrared to 
make an instrument with high efficiency and broad frequency response. The CIRS 
wire grids (input polarizer, beamsplitter, output analyzer) are l-/xm diameter wire, 
with 2-/xm spacing, supported by a thin (1.25 /xm) film of Mylar. These grids give 
good efficiency from 10 to 600 cm“^ The grids were designed and developed at 
Queen Mary and Westfield College, London, England. 

5.2.4. Mid-IR Interferometer 

The MIR interferometer (600-1400 cm“*) is a conventional Michelson design. The 
beamsplitter is a potassium bromide (KBr) substrate with a multiple-layer coating 
including a layer of germanium, an antireflection coating, and protective coatings. A 
matched compensator is placed adjacent to the beamsplitter to correct for refractive 
effects in the substrate. The beam coming from the collimator is divided equally at 
the beamsplitter, and the two halves are sent to the fixed and moving retroreflectors. 
The beams are reflected back to the beamsplitter, where they are recombined and 
sent to the focal planes. The beam is imaged by a Ge lens on the FP3 and FP4 
HgCdTe detector arrays, which are mounted on the 80 K cold stage. As the moving 
mirror is scanned, the path difference between the two beams is varied, which 
modulates their interference and, therefore, the detected intensity. The modulation 
rate is proportional to the spectral wavenumber, and the total modulated signal at 
the detector creates the recorded interferogram. The detector arrays are mounted 
on a common carrier, and are rigidly mounted to the 80 K cooler using a tripod of 
titanium alloy supports. A cold shield limits out of field background radiation from 
the warm instrument onto the arrays. 

5.2.5. Reference Interferometer 

The reference interferometer generates a signal for sampling the detector outputs 
from the far-IR and mid-IR interferometers. Sampling of the interferograms takes 
place at zero crossings of equally spaced reference fringes. This signal is also used 
in a phase-locked loop to control the velocity of the scan mechanism. The reference 
interferometer uses the central portion of the mid-IR optics and beamsplitter, and 
is constrained by the envelope of the central obscuration shadow of the mid-IR 
interferometer. The source for the reference interferometer is a solid state GaAlAs 
laser diode operating in the red region (811 nm at room temperature, 785 nm at 170 
K). For redundancy, two laser diodes are available, selectable via command. Due to 
dependences on operating temperature and viewing geometries, the monochromatic 
emission source can provide only a short-term wavenumber calibration standard for 
the interferometer. The long-term standard is well-characterized molecular lines, 
H 2 O and NH 3 in FPl, C 2 H 2 and C 2 H 6 in FP3, and CH 4 in FP4. 

The zero path distance (ZPD) must be located in each interferogram to facilitate 
co-adding of interferograms in flight, in order to lower the CIRS telemetry data 
rate. For this purpose a white light interferogram must be produced so that the ZPD 
point can be located consistently from scan to scan. The source for the white light 
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interferometer is a Light Emitting Diode (LED), with a center wavelength of 870 
nm, and a full width at half max of 70 nm. The white light shares the reference 
interferometer with the laser. 

5.2.6. Detectors 

The detectors used in CIRS were chosen to maximize sensitivity in each wave- 
length range for the achievable operating temperatures. Thermopile detectors (EPl) 
give optimum performance in the far-infrared at 170 K. HgCdTe detectors (EP3 
and EP4) can he tailored for highest performance near 80 K in the 7-16 /xm 
range. 

Far-IR: Thermal detectors. The most important properties of a thermal detector 
are high sensitivity, a short response time and low excess noise. High sensitivity 
is achieved hy having maximum ahsorptance in the absorbing element. The short 
response time is achieved by having a small heat capacity of the absorbing layer. 
Low excess noise is achieved by operating a thermoelectric detector without external 
bias. A thermopile detector consists of two elements, an absorber to convert infrared 
photons into heat, and a thermoelectric element that produces a voltage proportional 
to its internal temperature gradient. The cold side of the thermoelectric material 
is thermally sunk to a heat reservoir, and the hot side is attached to the radiation 
absorber. 

Mid-IR HgCdTe arrays. The detectors for EP3 are a 1 x 10 linear array of 
photoconductive (PC) HgCdTe elements operating near 80 K. The EP3 array was 
fabricated for a 15.7 /xm cut-off wavelength to optimize response in the 9-16 /xm 
range. The detectors for EP4 are a 1 x 10 linear array of photovoltaic (PV) HgCdTe 
elements operating near 80 K. The EP4 array was fabricated for a 9.4 /xm cut-off 
wavelength to optimize response in the 7-9 /xm range. The use of a photovoltaic 
array allows a much lower bias-induced power dissipation, lessening the demand 
on the radiative cooler. The noise level for the photovoltaic array is also lower, due 
to its relative lack of 1/f noise. 

Live signal channels are available for each of the EP3 and EP4 10-element arrays. 
Therefore, only five detectors, or five paired detectors, are used in each observation. 
Pour patterns of detectors - all even, all odd, center five or five pairs - are selected 
by scripted commands. 

5.2.7. Thermal Control 

The CIRS optics assembly is passively cooled, and actively controlled to operate at 
170 ± 0. 1 K for short time periods, with a maximum allowable drift of ±0. IK/day. 
This temperature is achieved by thermally isolating the instrument from the warmer 
spacecraft scan platform by a titanium mount, and by using thermal radiators to cool 
the instrument and PPl detectors by radiating to deep space. Three control regions 
are monitored and controlled at 170 K: the telescope primary, telescope secondary, 
and instrument housing. The temperature at each of the control points is controlled 
by silicon diode thermistors. The temperature controller circuit power amplifies an 
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error signal and applies it to heater strips that warm the control point hack up to 170 
K. To minimize heater transient effects on the infrared signal, proportional heaters 
are used. 

In addition to the thermal control heaters, the instrument also contains decon- 
tamination heaters. These high-powered heaters are command controlled, and are 
capable of increasing the instrument temperature to 270 K, and the cooler temper- 
ature to 300 K. They serve to drive off contaminants that might condense on the 
cooled optics and detectors. 

5.3. Electronics Assembly 

The analog and digital circuitry resides in a module outside the OA. Exceptions 
to this are preamplifier electronics, which must he close to detectors to minimize 
noise, and thermal-control sensors. The CIRS electronics assembly includes elec- 
tronics for: (1) conditioning spacecraft power for electronics subassemblies; (2) 
communicating with the spacecraft, and processing of commands, science data and 
housekeeping data; (3) temperature control and temperature monitoring of the op- 
tics subassemblies; (4) operating and controlling the scan mechanism; (5) operating 
and controlling the science data sampling; and (6) processing the detector signals. 

An instrument microprocessor provides instrument operation, on-board data 
processing, and communication with the spacecraft central computer. The signal 
handling and on-board processing are designed to minimize both the data rate and 
data volume. The data rate is minimized by tightly bandlimiting each signal by 
numerical filtering, and then resampling the numerical filter output at a reduced 
rate. The data volume is minimized by compressing the interferograms through 
efficient encoding. The dynamic range is high near zero path difference, and sig- 
nificantly lower in the wings of the interferogram. This allows the bits/word to be 
reduced in the wings. The on-board data processing for CIRS is performed under 
software control. CIRS is able to downlink individual interferograms, and summed 
pairs of sequential interferograms. The microprocessor carries out the functions of 
command and control, instrument operation, signal handling, and data compres- 
sion/packetization. 

5.4. 80 K Cooler 

The EP3 and EP4 detector (HgCdTe) temperature is controlled with a single-stage 
passive cooler radiating to space. The temperature may be set via ground control 
to temperatures at discrete set points between 75 and 85 K, depending on the 
amount of backload present on the cooler from Saturn or its rings. The cooler is 
sized to drive the focal plane temperature below the selected set point, and control 
heat is supplied to stabilize the temperature at the set point. Temperature control is 
carried out with silicon diode sensors and thermostatic heaters. Calcutt et al. (1992) 
provide a preliminary discussion of the cooler design. The focal plane is rigidly 
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attached to the instrument, rather than to the cooler, which helps maintain optical 
alignment between the mid-infrared interferometer and the arrays through vibration 
and thermal cycling. The cooler cold stage supports the two HgCdTe arrays. The 
radiating cold panel is an aluminum honeycomb painted with electrically conductive 
black paint. The radiator panel is supported by a titanium cone-shaped housing. 
This is held by an aluminum tube, which surrounds the focal plane and forms the 
interface with the OA. The arrays are cooled via an aluminum alloy cold finger and 
a conductive strap from the cold finger to the arrays, which allows the cold finger 
fo shift with respect to the instrument. A deployable aperture cover protected the 
cooler during launch and early cruise, and was jettisoned when the spacecraft was 
2 AU from the sun. 



5.5. INTERFEROGRAM PROCESSING 

After the data are received on the ground, the interferograms are edited and trans- 
formed into calibrated spectra. Steps in this process include eliminating bad scans, 
removing predicted noise patterns, calibrating, apodizing, and Fourier transform- 
ing. Algorithms remove interferograms that have anomalous intensities and ad- 
just interferogram lengths for uniformity. Known noise patterns are removed from 
the interferograms. Calibration is performed using deep space and internal shutter 
reference interferograms. The calibration uses untransformed interferograms and 
complex spectra, so that phase correction is an intrinsic part of the process. The 
interferograms are apodized (using a Hamming function) and Fourier transformed 
to produce calibrated spectra. A version of the spectra is also created without 
apodization. 



5.6. In-Flight Radiometric Calibration and Sensitivity 

The basic approach for the calibration of the CIRS measurements to absolute ra- 
diance units follows the calibration techniques developed previously for thermal 
emission interferometers (Hanel et al, 2003; Hanel et al, 1980; Revercomb et ai, 
1988). Appendix C describes the calibration equations in detail. In-flight calibra- 
tion of FPl will be performed by periodically viewing deep space. FP3 and FP4 are 
calibrated by viewing deep space and an internal shutter at 170 K. The spectra am- 
plitudes of the planetary spectra are scaled, at each wavenumber, to the amplitudes 
of the calibration targets. The detectors and electronics are designed to be linear at 
all wavenumbers with respect to the incoming radiance, a necessary condition for 
scaling the target spectra from the calibration spectra. 

5.6.1. In-Flight Sensitivity - NESRs 

The NESR is the signal for which the SNR is unity (Hanel et al., 2003). In-flight 
instrument responses and NESRs have been determined from in-flight calibration 
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data obtained during cruise. Detailed results will be reported elsewhere. Tbe NESRs 
are calculated from noise changes observed in consecutive scan to scan interfer- 
ograms. The standard deviation in response, o, is calculated from the individual 
responses included in each average. This noise level includes random noise from 
detectors, scan-to-scan changes, and systematic noise from thermal drifts, etc. The 
NESR is calculated from: 



where R^ygiv) — the average of K measurements of the response, R(v); ct[R(v)] 
— the standard deviation of the response: 



Br is the Planck function at 170 K. EPl is at the same temperature as the 
interferometer, so only deep space is required for the calibration (Appendix C). 
corresponds to the instrument self-emission, and a = I (Hanel et al, 2003). Eor 
EP3 and EP4, the detectors are at a different temperature than the interferometer, 
and observations of a warm target (the detectors’ view of the instrument with the 
shutter closed) and of deep space are both required for the calibration (Appendix 
C). In this case By corresponds to the 170-K warm target, and a = H^2 (Hanel 
etal, 1970). 

The in-flight spectral responses and NESRs are shown in Eigure 37. These re- 
sponses cover the free spectral bandpass, which is the spectral region not affected 
by aliasing. Instrument “set points” are available to raise the EP3 and EP4 focal 
planes temperature above their nominal 76.4 K. These can be used to avoid calibra- 
tion drifts that may result when the cooler is briefly exposed to the sun or Saturn 
during operations. However, an increase in focal plane temperature of 1 K causes 
an increase in the NESR of roughly 4%. The choice between sacrificing stability 
or SNR must be based on the objective of the observations affected. 

5.6.2. Long-Term Stability 

The CIRS temperature is maintained within 0.1 K (Section 5.2.7). Such a tem- 
perature excursion changes the uncalibrated detector signal due to changes in the 
instrument self-emission and also in the response term (Appendix C). The pro- 
cess of calibration removes these changes. Beyond these reversible short-term, 
temperature-driven changes, there remains the issue of possible long-term change 
or degradation, perhaps from contamination of optical surfaces, radiation damage, 
shift in optical alignment from stress relaxation, or detector degradation. In fact, 
CIRS appears to be quite stable once the short-term changes are accounted for. 
Observations of deep space made over two years, beginning with the telescope 
cover release in September, 2000, (3 months before the Jupiter swingby closest 
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Figure 37. Spectral responses and NESRs for the three CIRS focal planes at a spectral resolution 
of 15.5 cm“^. The FP3 and FP4 curves represent the average of the 10 detectors in each array, with 
each detector being within 20% of the average. The FP3 and FP4 NESRs correspond to a focal plane 
temperature of 76.2 K. 



approach) show a cumulative decline in the mean FPl signal level that is no larger 
than 0.5% (Brasunas and Lakew, 2003). 
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Because CIRS measures thermal infrared emission, the measurements in a given 
spectral region will depend on both the atmospheric temperature and the abundances 
of the atmospheric constituents that are optically active in that region. The radiance 
7y observed at wavenumber v is given by 
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Appendix A: Retrieval of Atmospheric Parameters 




(A.l) 



where By is the Planck function at wavenumber v, T is temperature, T is the 
transmissivity, and x is the coordinate measured along the line of sight from the 
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observer to the portion of the atmosphere being observed. In the far- and mid- 
infrared, By is a strong function of temperature, while f primarily depends on 
the amount of absorber along the path length, with a weaker dependence on T . 
The retrieval of parameters within a given portion of the atmosphere requires the 
independent determination of temperature for that part of the atmosphere, either 
from the spectra or from an independent source. 

Figure 2 illustrates the two types of observing geometry, nadir and limb viewing. 
In nadir viewing, atmospheric pressure and absorber mass increases along the line 
of sight until the surface is reached or else the local contribution to the observed 
radiance becomes negligible. In limb viewing the line of sight passes through the 
atmosphere, and deep space is the background; pressure increases along the line of 
sight to the tangent point and decreases beyond, while the absorber mass continues 
to increase mono tonic ally. In nadir sounding there is no direct information on the 
dependence of the atmospheric parameters with the coordinate x, and the optical 
depth is determined by the integrated number density of the absorber along the line 
of sight to a given pressure level. In this situation it is more straightforward to use 
pressure Bas the vertical coordinate and rewrite (A.l) as 

.00 g-p 

/y = -/ By(r)— — r/lnB, (A.2) 

Jo 9 In B 

The viewing geometry is implicitly contained in the transmissivity, which depends 
both on the vertical distribution of the absorber, and the viewing angle along the 
line of sight with respect to the local vertical direction. Equation (A.2) formally 
holds even when surface contributions matter, as they do over certain wavenumber 
intervals on Titan; one then includes delta functions at the surface pressure Bs 
within the integral. Alternatively, (A.2) can be expanded: 



where Bs is the surface temperature, Ts is the transmissivity along the line of sight 
to the surface, and the surface emissivity is assumed to be unity. The retrieval of 
temperature and composition profiles from (A. 1) is generally an ill-posed problem, 
and solutions tend to be unstable unless structure at small spatial scales, which is 
dominated by instrument noise, is filtered out. Physically, this means that the pro- 
file information contained in the measurements is limited to relatively large vertical 
scales. Several general retrieval algorithms that introduce appropriate filtering, ei- 
ther explicitly or implicitly, are available (see, e.g., Craig and Brown, 1986; Hanel 
et al, 2003; Rodgers, 2000). 

Similar considerations apply to the inversion of limb-viewing spectra, but in this 
case one has additional information because of the viewing geometry, namely the 
dependence of the radiance on the tangent point altitude of the central ray within 
the FOV. Retrieval of both temperature and pressure at a given altitude is possible, 
because the spectrum typically has several wavelengths at which the optical depths 
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to the tangent point are < 1 , but with different relative sensitivities to T and P (see, 
e.g., Gille and House, 1971). In practice, the absolute dependence of pressure on 
altitude is not precisely established, because of the inevitable errors associated 
with knowledge of the pointing of the instrument FOV during the measurements. 
However, the pressure-altitude relation is well determined relative to an arbitrary 
reference level, by application of the hydrostatic balance equation. 

Conrath et al. (1998) and Conrath and Gautier (2000) discuss the retrievals of 
temperature (as well as the para fraction of H 2 and the He abundance) for the outer 
planets from Voyager IRIS nadir-viewing spectra. Inversion of (A.2) typically en- 
tails the assumption that horizontal variations in atmospheric variables are small 
within the FOV. The sensitivity of the measured spectrum to the temperature at 
various atmospheric levels can be examined by assuming a reference temperature 
and computing the radiance spectrum ll^\ assuming that the sources of opac- 
ity are known. Neglecting the temperature dependence of T, linearization of (A.2) 
gives 



where hly = ly — and ST = T — K is the kernel for the retrieval prob- 
lem, and it depends both on the derivative of the Planck function with respect to 
temperature and the derivative of the transmissivity with respect to InP. Similar 
considerations can be applied to the limb-viewing geometry. 

The success of a temperature retrieval depends on the knowledge of opacity 
sources. For Saturn, the principal gaseous opacities used in temperature retrieval 
are H 2 and CH 4 . Figure 4 depicts the kernels, normalized to a maximum value of 
unity, with respect to absorption in the collision-induced S(0) and S(l) lines and 
the translational continuum of H 2 (v < 600 cm“') and the V 4 vibrational-rotational 
band of CH 4 (v ^^1300 cm“*). Both nadir- and limb-viewing geometries are in- 
cluded. In the latter, the repetition of wavenumbers indicates that several tangent 
heights are being used. The Voyager IRIS observations were mostly done in the 
nadir-viewing mode, corresponding to the kernels on the left-hand side. In the 
spectral region dominated by collision-induced H 2 , the opacity is a function of the 
height-dependent ratio of ortho to para hydrogen as well as the He/H 2 ratio. Since 
both the temperature and ortho-para profiles are expected to vary with position on 
the planet, it is necessary to retrieve both parameters simultaneously. This is pos- 
sible because there are multiple spectral intervals that sound the same atmospheric 
levels but have different relative sensitivities to temperature and the ortho-para ra- 
tio (Conrath et al, 1998). In the initial analysis of Voyager data, IRIS spectra and 
radio occultation-derived profiles of the ratio of temperature to mean molecular 
were combined to obtain He/H 2 . Temperature prohles for various mean molecular 
weights were used to calculate theoretical spectra, which were compared with the 
measured IRIS spectra at the occultation point. The molecular weight giving the 
best fit was then used to infer He/H 2 . Subsequent comparisons with Galileo probe 
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results on Jupiter and a reanalysis of Saturn data in which only IRIS spectra were 
used indicate possible systematic errors in this technique (see Section 3 . 1 . 1 ). Both 
approaches will he used to obtain the Saturn He/H2 ratio from the Cassini data. 

Examination of the Saturn nadir kernels in Figure 4 reveals a gap in altitude 
coverage between ~3 and 100 mbar. The addition of limb viewing helps to fill in 
this gap. Indeed the highest H2 limb kernels, at 600 cm“' , overlap the nadir- viewing 
kernels corresponding to the V4 band of CH4, indicating that the CH4 abundance 
of Saturn can unambiguously be determined. The additional air mass provided by 
limb viewing in the V4 band of CH4 also permits one to obtain temperatures to 
higher altitudes, to /x bar levels, although the retrieval at these levels is probably 
more complicated than discussed, because of non-LTE conditions. 

Figure 12 depicts the normalized kernels for retrieval of atmospheric tempera- 
tures on Titan. Here collision- induced absorption of N2 below 150 cm“^ replaces 
collision-induced absorption by hydrogen as the dominant opacity source in the far- 
infrared. Again, limb viewing in the far infrared allows one to retrieve temperatures 
in the tropopause region and lower stratosphere that would otherwise be inaccessible 
from nadir viewing alone. The slight overlap between the inversion kernels from N2 
absorption and those from the V4 band of CH4 will allow one to separate the effects 
of temperature and CH4, permitting the unambiguous retrieval of the distribution 
of CH4 in Titan’s stratosphere. The rotational lines of CH4 near 100 cm“*, whose 
kernels (not shown) lie at lower altitudes in the stratosphere than those near 1300 
cm“^ provide more overlap with the kernel from N2. Unlike the situation on Sat- 
urn, CH4 on Titan is a condensable, and the stratospheric abundance potentially can 
vary with latitude. The direct retrieval of its spatial distribution is of great interest. 

In addition to CH4 on both Saturn and Titan and the Saturn hydrogen ortho-para 
ratio and He/H2, a number of other atmospheric parameters will be retrieved, includ- 
ing the abundances of hydrocarbons in the stratospheres of both Saturn and Titan. 
For these retrievals, the necessary independent constraint on the stratospheric ther- 
mal structure is provided by the retrievals from the V4 band of CH4 band discussed 
above. Normalized nadir and limb contribution functions for spectral regions of 
C2H2 and C2H6 absorption are shown in Figure 9 for Saturn. Figure 17 depicts the 
contribution functions for spectral regions of C2H2, C2H6, and HCN absorption on 
Titan. Here, the contribution function is dehned as the integrand in the hrst term on 
the right-hand side of (A 3 ) and serves to indicate the portion of the atmosphere to 
which the measurement is sensitive. (Technically, the contribution function contains 
B{T) instead of dB{T)ldT.) In the case of the nadir measurements, the stratosphere 
is not completely opaque in these bands, and significant contributions to the mea- 
sured radiances originate in the troposphere. Only mean abundances over relatively 
thick layers can be obtained; however, these retrievals can provide detailed horizon- 
tal mapping of these gases. In contrast, the limb-viewing measurements can provide 
significant vertical information on these gases when sufficiently near Saturn or Ti- 
tan. The retrieval of the mole fraction profile of a gas from limb measurements is a 
highly non-linear problem, usually requiring considerable iteration. In addition, to 
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match the finite FOV of the instrument, contrihutions along several ray paths must 
he calculated for each limh foot print and each wavenumher. The problem is made 
computationally tractable by adopting the correlated-k approach for atmospheric 
transmittances (Goody and Yung, 1989). While C 2 H 2 , C 2 H 6 , and HCN have been 
used as illustrations here, similar analyses will be applied to other constituents on 
Saturn and especially Titan. The inversion approach will provide a framework for 
assessing information content and analyzing error propagation even for gases that 
yield relatively weak spectral signals. 



Appendix B: FPl FOV Response 

CIRS is calibrated by viewing uniformly bright targets (the calibration shutter and/or 
deep space). This establishes the mean spatial response of the instrument FOV. For 
an ideal interferometer, the spatial response is uniform, so that the above procedure 
defines an adequate calibration protocol. However, the CIRS spatial response of 
FPl is center- weighted. During the tour, many targets observed using FPl will 
either not fill the field (such as satellites at large distances) or will be nonuniformly 
bright across the field (such as cloud structures on Saturn, or radial structure in 
the rings). To adequately calibrate such data it is therefore necessary to quantify 
the departure from the spatially uniform ideal. On 10-11 May 2002, we carefully 
executed two sets of orthogonal raster scans that covered an area 8 mrad x 8 mrad 
centered on the FPl Foresight. Jupiter was used as the target source. At the time 
of this measurement, the subtended angular diameter of Jupiter was 0.290 mrad., 
or 0.075 of the nominal 3.9 mrad FPl diameter. This was chosen as a compromise 
between strong signal and fine spatial resolution. Pointing was verified against 
support images and against the reconstructed pointing files provided by the Cassini 
Project. Because the spacecraft was stabilized using reaction wheels, pointing was 
excellent, with jitter less than 10% of the apparent diameter of Jupiter. 

Results of the test are illustrated in Figure 38. The FPl response is greatest in 
the center and approximately follows a 2-D gaussian form, truncated in the wings. 
When viewing a spatially uniform source, a circle of 2.54 mrad diameter contains 
50% of the total energy. The outer circle with diameter 4.58 mrad encircles 95% of 
the total energy (slightly more, actually, because the data have not yet had the finite 
size of Jupiter deconvolved). The nominal FOV diameter of 3.9 mrad contains 83% 
of the total. 

Next, the signal from a uniform target disk, located at various distances from the 
FPl center, was convolved with the spatial response function displayed in Figure 38. 
The ratio of the detected energy from a uniform target disk of a given radius, to the 
detected energy for a similar target that fills the FPl FOV, was then calculated. The 
results, shown in Figure 39 enable calibration adjustments for imperfect pointing. 
Along the abscissa, the target is centered in FPl; the radii of contours, such as 
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Figure 38. The spatial response of CIRS FPl as derived from distant observations of Jupiter. The 
response is center-weighted, and approximately follows a 2-D gaussian form with truncated wings. 
Viewing a uniform target, the inner circle (radius 1.27 mrad) encloses 50% of the total signal. The 
outer circle (radius 2.29 mrad) encloses 95% of the total signal. 
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Figure 39. The fraction of a filled FPl signal contributed by a finite circular target that is arbitrarily 
located within the FOV. The largest signal from such an unresolved target is obtained by centering it 
in the FOV where the spatial response is greatest. 
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shown in Figure 38, can be determined. The largest fractional encircled energy is 
obtained by placing the target in the center of FPl where the spatial response is 
greatest. 



Appendix C: Radiometric Calibration Equations 



The response of the instrument is one of the basic parameters describing the instru- 
ment and is monitored during flight to watch for any changes in instrument perfor- 
mance. The uncalibrated power spectrum {Cj) of a thermal emission instrument 
is proportional to the difference between the spectral radiance of the instrument 
(self-emission) and the incoming target radiance: 

Ct{v) = R{v)[Bi{v)-It{v)^ (C.l) 

where v = the frequency in wavenumbers (cm“^), Ct(v) = the amplitude of the ob- 
served uncalibrated power spectrum when viewing a target at temperature T-i , R{v) 
= the spectral response of the interferometer in digital counts/spectral radiance, 
lj{v) = the spectral radiance of the target in W cm“^ ster“ Vcm“* at temperature 
T'l , and Bj{v) = the spectral radiance of the instrument (self-emission) in W cm“^ 
ster“ Vcm“*. 

The instrument self-emission is the dominant source of signal in any observation. 

Far-Infrared Interferometer. The far infrared polarizing interferometer uses de- 
tectors at the same temperature as the instrument and telescope (170 K). Conse- 
quently, we only have one calibration parameter {R{v)) to determine, and need only 
one calibration target, which is deep space. We may assume that Bi{v) = Bi-iqk{v). 
Then, from Equation (C.l) the applicable calibration equations are: 



Ct(v) = 7?(v)[Bi7ox(v) - /r(v)] (C.2) 

Cc{v) = f?(v)[fii7o/r(v) — (C.3) 



where Cc(v) — the amplitude of the observed uncalibrated power spectrum when 
viewing a target at temperature = Tn = 3 K, Bq,{v) = the spectral radiance of the 
cold blackbody calibration target (deep space) at temperature = Tq, Bi7o/r(v) — 
the Planck function in W cm“^ ster“ Vcm“^ at temperature T/ = 170 K. 

Equations (C.2) and (C.3) may be solved for ij{v) and f?(v): 

Ct(v) 

/•l(v) = Bi70A-(v) — — —— [fil70x(l’) — 5c(v)] (C.4) 

Cc{v) 



R{v) = 



Cc(v) 

— Bc(v) 



(C.5) 



Mid-Infrared Interferometer. The mid-infrared interferometer has two sets of 
detectors cooled to ~80 K, quite different from that of the interferometer at 170 K. 
Consequently, the instrument emission term is due to a unknown combination of 
80 K and 170 K radiation from the different optical components in the optical 
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train. Thus we need to determine two calibration parameters {R{v) and Bi{v)) and 
need two calibration targets. For the mid-infrared interferometer, two blackbody 
reference sources will be viewed to establish the calibration: deep space at Tq ~ 
3K, and a warm blackbody (via the shutter) at Tw = T[ =170 K. In addition to 
Equation (Cl) the applicable calibration equations are: 



Cc(y) = f?(v)[B/(v) - Bc(v)] (C.6) 

Cw(f) = R{v){Bj{v) - i?w(v)] (C.7) 



where Bq{v) = the Planck function at temperature 77 = 3 K; Bw(i^) — the Planck 
function at temperature Tw — 170 K. 

Assuming that the spectral response is independent of the target radiance, and 
that the signal processing chain and detectors are linear, the three equations may 
be solved for 7j (v), R{v), and Bi{v)\ 



7t(f) — 



(Ct(f) - Cc(v))gw(v) + (Cw(v) - C-,{v))Bc{v) 
Cw(v) - Cc(y) 



R{v) = 
Bi{v) = 



Cc(v) - Cw(v) 

5w(v) — Bq{v) 

Cc(v)gw(v) - gc(v)Cw(v) 
Cc(v) - Cw(v) 



(C.8) 

(C.9) 

(CIO) 



The above formalism has assumed that the combined optical and electrical phase 
characteristics of the instrument are the same for all target radiances and for the 
internal instrument emission. This assumption is correct for FPl, because it is 
isothermal (Brasunas, 2002), but it only approximately holds for FP3 and FP4. 
For these, the above formalism will have to include complex Fourier transforms, 
using the complex power spectra and not just their amplitudes (Revercomb et al. 
1988). A more detailed discussion of the CIRS calibration procedure will be given 
elsewhere. 
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Abstract. The Cassini Ultraviolet Imaging Spectrograph (UVIS) is part of the remote sensing payload 
of the Cassini orhiter spacecraft. UVIS has two spectrographic channels that provide images and 
spectra covering the ranges from 56 to 118nmand llOto 190 nm.Athird optical path withasolarblind 
Csl photocathode is used for high signal-to-noise-ratio stellar occultations hy rings and atmospheres. 
A separate Hydrogen Deuterium Absorption Cell measures the relative abundance of deuterium and 
hydrogen from their Lyman-a emission. The UVIS science objectives include investigation of the 
chemistry, aerosols, clouds, and energy balance of the Titan and Saturn atmospheres; neutrals in 
the Saturn magnetosphere; the deuterium-to-hydrogen (D/H) ratio for Titan and Saturn; icy satellite 
surface properties; and the structure and evolution of Saturn’s rings. 

Keywords: Cassini, rings, Saturn, spectroscopy on Titan and on Saturn 

Nomenclature 



CASPER 

CDS 

CEM 

CIRS 

CODACON 

D/H 

DISR 

EUV 

EUVE 

FOV 



Cassini Sequence Planner 
Command and Data Handling Subsystem 
Channel Electron Multiplier 
Composite Infrared Spectrometer 

Coded Anode AiTay Converter (see Lawrence and McClintock, 1996) 
Deuterium/hydrogen (ratio) 

Descent Imager/Spectral Radiometer 
Extreme ultraviolet 
Extreme Ultraviolet Explorer 
Field of view 
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EUV 


Far ultraviolet 


HDAC 


Hydrogen-Deuterium Absorption Cell 


HSP 


High Speed Photometer 


HST 


Hubble Space Telescope 


HUT 


Hopkins Ultraviolet Telescope 


HV 


High voltage 


HVPS 


High Voltage Power Supply 


IR 


Infrared 


IRIS 


Infrared Interferometer Spectrometer 


ISM 


Interstellar medium 


ISO 


Infrared Science Observatory 


ISS 


Imaging Science Subsystem 


lUE 


International Ultraviolet Explorer 


LISM 


Local interstellar medium 


MAPS 


Magnetosphere and plasma science 


MPAe 


Max-Planck-Institut fiir Aeronomie 


NIST 


National Institute for Standards and Technology 


PAD 


Pulse Amplifier Discriminator 


PPS 


Voyager Photo-Polarimeter Subsystem 


RTG 


Radioisotope Thermoelectric Generator 


RSP 


Remote Sensing Platform 


SIRTF 


Space Infrared Telescope Facility 


SMOW 


Standard mean ocean water 


SOHO 


Solar and Heliospheric Observatory 


SSR 


Solid state recorders 


STIS 


Space Telescope Imaging Spectrometer 


UV 


Ultraviolet 


UVIS 


Ultraviolet Imaging Spectrograph 


UVS 


Voyager or Galileo Ultraviolet Spectrometer 


VIMS 


Visual and Infrared Mapping Spectrometer 


WFPC2 


Wide Field and Planetary Camera 2 



1. Introduction 

As part of the Cassini orbiter remote sensing payload, the Ultraviolet Imaging Spec- 
trograph (UVIS) is coaligned with the cameras (ISS) and the infrared spectrome- 
ters (CIRS and VIMS; see their chapters in this volume). The spectrograph design 
draws on the University of Colorado experience of building UV spectrometers for 
the Mariner, Pioneer, and Galileo missions and extends the previous capabilities 
by using two-dimensional CODACON detectors and adding separate channels for 
high speed photometry and for measuring the deuterium-to-hydrogen ratio with 
a Hydrogen Deuterium Absorption Cell. The spectrographic channels cover the 
wavelength range from 56 to 190 nm. A special pickoff mirror allows solar oc- 
cultation observations in the extreme UV. All parts of the experiment are housed 
in a rectangular case that is rigidly attached to the spacecraft’s Remote Sensing 



CASSINI ULTRAVIOLET IMAGING SPECTROGRAPH 



301 



Platform (RSP). The instrument has its own microprocessor for storing and 
executing commands, and a limited memory to buffer and store observational 
data. Sequences of commands in the instrument memory are initiated by ‘trig- 
ger’ commands from the spacecraft’s Command and Data Handling Subsystem 
(CDS). The UVIS microprocessor compresses, formats, and packetizes data for 
pickup and storage in the spacecraft’s solid-state recorders (SSR) before eventual 
telemetry to Earth. 

1.1. Uvis Observations 

The Cassini orbital tour of Saturn consists of more than 70 orbits of Saturn and 44 
close passes to Titan (see chapter by Wolf in Vol. 1). Each orbit of Saturn contains a 
number of phases: apoapsis. Titan flyby, Saturn periapse, and possible icy satellite 
flybys. Table I shows the planned UVIS observations in each of these phases. 
Detailed descriptions of each observation can be found in the internal document, 
UVIS Observation Description Handbook (ODH), latest revision 6/99, available 
from the Principal Investigator. 

1.2. Uvis Anticipated Results 

We include in this introduction a brief summary of anticipated results. More details 
can be found in the body of our chapter. 

1.2.1. Titan 

(1) Atmospheric abundances. UVIS will determine the altitudinal and latitudinal 
distribution and mixing ratios of CH 4 , C 2 H 6 , and C 2 H 2 via the detection of 
well-defined absorption features. Vertical profiles of these molecules will be 
determined from limb observations and solar and stellar occultations. Solar 
and stellar occultations will yield measurements of H, and H 2 as well as N, 
N 2 , C 2 H 4 , C 4 H 2 , Ar, CO, and C 2 N 2 . The deuterium/hydrogen ratio will be 
determined. It may be possible to differentiate argon from nitrogen with UVIS 
in its high spectral resolution mode. 

(2) Atmospheric chemistry and distribution of species; aerosols. Horizontal and 
vertical distribution of active species will be detected. The photochemistry of the 
atmosphere of Titan displays a rich interaction between hydrocarbons, oxygen, 
and nitrogen species. The overall chemical composition can be understood 
in terms of a small number of chemical cycles that generate more complex 
compounds from the simple parent molecules (N 2 , CH 4 , and H 2 ). UVIS will 
make a systematic survey of all the hydrocarbon species from which sources 
and sinks may be deduced. 



The UVIS instrument will map the global distribution of UV-absorbing aerosols in Titan’s 
atmosphere in the spectral range 160 to 190 nm. Vertical profiles of high-altitude aerosols 



302 



L. W. ESPOSITO ET AL. 



TABLE I 

Observations by orbit period 



Apoapsis 

USYSCAN 

USTARE 

UMAP 

UFPSCAN 

Titan 

UHIGHSN 
UMAP 
ULIMDRFT 
UHDAC 
UCSTAR 
UHSTAR 
USUN 
Periapse 
UHIGHSN 
UMAP 
URSTAR 
UCSTAR 
UHSTAR 
UHDAC 
ULIMDRFT 
USUN 
Icy Satellite 
UHIGHSN 
UMAP 
ULIMDRFT 
UISTAR 
USUN 



Scans of the Saturn system 
Long integrations of Saturn, Titan 
Inner magnetosphere maps 
Whole sky scans during downlink 

High signal-to-noise spectroscopy of atmospheric constituents 
Maps of poles, equator, terminator, darkside, etc. 

Bright and dark limb drifts 
Measure D/H ratio 

Atmospheric occultations hy cool stars 
Atmospheric occultations hy hot stars 
Solar occultation 

Spectra of rings, atmospheric features, limh, phase coverage 
Saturn N-S hemispheres, poles, etc. 

Ring star occultation 

Atmospheric occultations hy cool stars 

Atmospheric occultations hy hot stars 

Measure D/H ratio 

Limh drifts 

Solar occultation 

Surface spectra 
Latitude-longitude maps 
Satellite limb drifts 
Star occultation 
Solar occultation 



were seen in Titan’s atmosphere hy the Voyager UVS while observing a solar occultation. 
This type of measurement, as well as stellar occultations, will allow detailed vertical prohling 
of Titan’s high-altitude aerosols at a variety of latitudes. 

(3) Atmospheric circulation and physics. Atmospheric transport processes may be 
inferred from the spatial distribution of chemical species. UVIS will search for 
polar vortices via the observed gradients of chemical species. The exact varia- 
tion of species abundances between the tropopause and the mesosphere depends 
sensitively on the nature of the vertical transport (advection and diffusion), so 
a precise determination of the vertical distribution of the photochemically pro- 
duced species will greatly constrain models. UVIS mapping of the distribution 
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of hydrocarbons will reveal the dynamics of the curious seasonal behavior of 
Titan’s atmosphere — the asymmetry between the northern and the southern 
hemisphere at the time of the Voyager encounter, and the polar hood. 

(4) Upper atmosphere and relation to magnetosphere. Spectral images of UV ther- 
mospheric emission of the major nitrogen and hydrogen atmospheric species 
on Titan on Saturn will allow partitioning of excitation processes, determina- 
tion of energy deposition (heating) rates, and ionospheric structure. The peak 
in emission brightness at the exobase may or may not be due to interaction with 
the magnetosphere, and the high spectral resolution of the UVIS EUV channel 
will help to answer this question: the spectral resolution of UVIS can provide a 
definitive separation of H 2 C 4 bands and N"*" emissions, giving direct diagnostic 
information on excitation processes. 

1.2.2. Saturn 

(1) Atmospheric and cloud properties and composition. UVIS will map the global 
distribution of UV-absorbing aerosols in Saturn’s atmosphere in the spectral 
range 160 to 190 nm. UVIS will determine the altitude-latitude distribution of 
the chemical species H, H 2 , CH 4 , C 2 H 6 , C 2 H 4 , and C 2 H 2 . 

(2) Synoptic features and processes; winds and eddies. UVIS mapping of the hydro- 
carbon species will provide a basis for constructing two-dimensional models 
of the photochemistry, radiation and dynamics of Saturn’s atmosphere. Up- 
welling brings the parent molecule CH 4 from the troposphere into the up- 
per atmosphere, where it undergoes photolytic decomposition. The products 
will descend into the lower stratosphere, and may be partially converted into 
photochemical aerosols. The distribution of aerosols will be affected by the 
meridional circulation, which in turn is caused by radiative heating due to the 
hydrocarbons and the aerosols. 

(3) Ionospheric diurnal variations and magnetic control. The aurorae on Saturn 
show two distinctly different morphological characteristics. Most of the Voy- 
ager observations show a high-altitude emission from 80° latitude in the north 
and south polar regions with an H 2 -band spectrum that is remarkably similar 
to the emission for the sunlit equatorial region. The spectra appear to contain 
additional features that are compatible with transitions in N+. Much brighter 
spectra from deep in the thermosphere are also observed, showing the same pe- 
riodicity in apparition as the planetary rotation period. These spectra show the 
effects of CH 4 absorption, strong self absorption and a very weak H Lyman-a 
line, characteristic of excitation of H 2 with a very low [H]/[H 2 ] mixing ratio. 
This behavior and the connection to the magnetosphere are not clear, and the 
better resolution of the Cassini UVIS (as compared to Voyager’s UVS) will 
yield more insight into the primary processes. 

(4) Physical and compositional properties and evolution. In bulk composition, Sat- 
urn is a typical Jovian planet with reducing chemistry. The dominant chemistry 
in the upper atmosphere is the hydrocarbon chemistry initiated by the photolysis 
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of CH 4 and leading to the production of C 2 H 6 , C 2 H 4 , and C 2 H 2 . UVIS will make 
a systematic survey of these major carhon species as well as H atoms. Limh 
observations and solar stellar occultations will yield vertical profiles. Sources, 
sinks, and atmospheric transport processes may also he inferred from the spatial 
distribution of these chemical species. 

(5) Lightning. Optical searches will be made for lightning in the FUV, in concert 
with other remote-sensing instruments. 

1.2.3. Rings 

(1) Configuration and processes. UVIS will provide high spatial resolution, low- 
noise stellar occultations, spectroscopy, photometry, and limited imaging of the 
rings. Several high-resolution (10 to 40 m), low-noise occultation opportunities 
at multiple azimuths will be available during each Cassini orbit. Measurement of 
these occultations will reveal ring structures with spatial variability on the scale 
of the larger abundant ring particles. The true sharpness, shape, and azimuthal 
variability of the many sharp edges in Saturn’s rings will be measured with 
a spatial resolution of approximately 20 m. Ring thickness will be measured 
directly from oblique occultations of sharp edges. Closely spaced occultations 
will show the time development of spiral waves, wakes, and edge waves. 

(2) Composition and particle size. With UVIS operating as a spectrograph, scans 
and drifts will yield the areal variation of UV brightness across the rings, show- 
ing compositional or age differences and the presence of submicron particles 
as postulated to form the spokes. Variations in reflectance can be interpreted 
in terms of the individual particle properties like albedo and phase function, 
because the radial profile of extinction optical depth will be known from the 
occultations. 

(3) Interrelation with satellites. The presence or absence of phase shifts in edge 
waves will be determined from closely spaced occultations. The effects of 
imbedded or nearby moonlets will be detected in the F ring and in the similar 
rings in the gaps and the C ring region. 

(4) Dust and meteoroid distribution. Photometric and spectroscopic studies will 
identify the emissions of H and O near the rings. Since the rings are mostly 
water ice, this provides a constraint on ring erosion rates. Submicron dust will 
be visible in the UV: the spectral variation of reflected sunlight will establish 
the number and size of dust particles near the rings. 

(5) Interactions with Saturn magnetosphere, ionosphere, and atmosphere. Saturn 
receives oxygen and nitrogen species from the magnetosphere and the rings; 
thus, CO and HCN are predicted to exist in the upper atmosphere. 

1.2.4. Icy Satellites 

(1) Characteristics and geological histories. Regional units may be differentiated 
by their UV reflectance. Darkening in the UV may be an indicator of surface 
age and exposure to radiation. 
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(2) Mechanisms of modification. UVIS limb drifts and stellar occultations will be 
used to detect the existence of tenuous, possibly transient atmosphere, whose 
source may be surface activity, sputtering, or seasonal sublimation. 

(3) Composition and distribution of surface materials, especially dark, organic- 
rich condensates. UV reflectivity will be used to identify and/or constrain pos- 
sible composition of surface materials. The overall phase function of surface 
materials, including the UV, is important in determining the fine structure and 
degree of compaction of surface materials. 

(4) Interactions with magnetosphere and rings. UVIS will map H Lyman-a 
throughout the Saturnian system as well as emissions from neutrals and ions, by 
acquiring data during downlink rolls. A full sky map will identify the sources 
of particles being detected in situ by the MAPS (magnetosphere and plasma 
science) instruments. Heavy atomic species are known to be present in the mag- 
netosphere. It has been argued that the heavy ions are mainly O"*", derived from 
sputtering of the icy satellite surfaces and subsequent H 2 O chemistry. 

1.2.5. Magnetosphere 

The mass content of the Saturn magnetosphere is determined almost entirely by 
sources internal to the Saturn system. The magnetosphere reflects the dynamic 
processes in the atmospheres and surfaces of the planet and satellites, which in 
turn are influenced by interaction with the magnetosphere in a partially closed 
system. Measurement of the content of neutrals and ions in the magnetosphere 
can provide critical information on basic atmospheric evolutionary processes as 
well as definition of magnetospheric structure. An understanding of this complex 
interactive system will clearly require knowledge of the composition, distribution, 
and dynamics of the magnetospheric particles. Because of the sensitivity to very 
weak emissions and ability to observe the entire magnetosphere remotely, UVIS 
will make a unique contribution to this understanding. 

(1) Configuration of magnetic field and relation to Saturn kilometric radiation. 
UVIS will map H Lyman-a throughout the Saturnian system as well as emis- 
sions from neutrals and ions by acquiring data during downlink rolls. A full sky 
map will identify the sources of particles being detected in situ by the MAPS 
instruments. 

(2) Charged particle currents, compositions, sources and sinks. Atomic H, which is 
present in significant quantities in Saturn’s magnetosphere, has a complex three- 
dimensional distribution. Lyman-a mapping by UVIS will establish the relative 
dominance of the hydrogen sources (e.g., Saturn exosphere. Titan, satellites, 
rings). UVIS will be able to detect emissions from N+, N++, 0+, and O"'""''. 

(3) Wave-particle interactions and dynamics. None identified. 

(4) Interactions of Titan ’s atmosphere and exosphere with surrounding plasmas. 
Spectral images of UV thermospheric emission of the major nitrogen and 
hydrogen atmospheric species on Titan and Saturn will allow partitioning of 
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excitation processes, determination of energy deposition (heating) rates, and 
ionospheric structure. The peak in emission brightness at the exohase may or 
may not he due to interaction with the magnetosphere, and the high spectral 
resolution of the UVIS EUV channel will help to answer this question: the 
spectral resolution of UVIS can provide a definitive separation of H 2 C 4 hands 
and N"*" emissions, giving direct diagnostic information on excitation processes. 

1.3. Summary 

In summary, the UVIS investigation has a hroad range of scientific objectives en- 
compassing the origin and evolution of the planets and their atmospheres, clouds 
and aerosols, magnetospheres, thermospheres and exospheres, satellite surfaces and 
their tenuous atmospheres, and ring structure, composition, and histories. These 
various objectives overlap — Titan, the rings, and satellites are sources of magne- 
tospheric neutrals; lost atmospheric gases may be retained in the Saturn system; 
and magnetospheric constituents bombard and modify the rings and satellites. Fur- 
thermore, UVIS provides just one segment of the broad range of new scientific 
information to come from the orbiter’s complement of in situ and remote measure- 
ments and from the Titan measurements by the Huygens probe. A major result of 
the UVIS investigation will be to contribute to the advance of knowledge of the 
Saturn system from the Cassini-Huygens mission through collaborative studies. 

This paper gives a brief description of the UVIS experiment, its science objec- 
tives, and its planned observations. 



2. Instrument Description 

In this section, we describe the optical configuration and performance of the UVIS 
that enables the scientific investigafion (McClintock et al., 1992, 1993). The UVIS 
design represents a balance between the science objectives and the constraints of 
mass, power, volume, and operability for a spacecraft instrument. Figures 1 and 2 
and Table II summarize the optical and mechanical characteristics of the instrument. 
UVIS consists of two moderate-resolution telescope-spectrographs covering the 
wavelength ranges 56 to 118 nm (extreme ultraviolet, or FUV) and 110 to 190 nm 
(far ultraviolet, or FUV), a sensitive High Speed Photometer (HSP), and a Hydrogen 
Deuterium Absorption Cell (HD AC). The four separate channels are aligned for 
simultaneous observation. 

To meet the breadth of science objectives, UVIS uses a variety of observation 
techniques. These include producing maps and images by moving the slit to a 
sequence of locations through rastering, slewing, and drifting the spacecraft optical 
axis. Fimb drifts provide high spatial resolution at the target’s limb. Occultations of 
the sun are observed with the FUV channel; the HSP can observe stellar occultations 
in concert with the FUV and FUV channel spectrographs. 
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Figure 1. UVIS instrument: two spectrographs, a high speed photometer, and a hydrogen absorption 
cell. 



UVIS will encounter a wide range of signal strengths. Saturn system atmospheric 
and magnetospheric emissions at wavelengths shorter than 200 nm are very faint, 
with radiances of the order of 0.1 to 10 Rayleighs in individual emission lines. In 
contrast, sunlight scattered from the disk of Saturn and its icy satellites produces 
radiance in the range of 1 to 10 kR/nm. 

2.1. S PECTROGRAPHIC CHANNELS 

The basic instrument design adapts proven design concepts using a grating 
spectrometer followed hy a multi-element detector. We chose to use imaging. 
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Figure 2. UVIS optical-mechanical configuration. The four channels share the same boresight. In 
solar occultation mode, a pick-off mirror allows sunlight to enter the EUV channel without striking 
the primary. 



pulse-counting microchannel plate detectors because of more than a decade of 
experience using this kind of detector equipped with a CODACON readout anode. 

2.1.1. CODACON Detector 

The CODACON (Coded Anode Array Converter) acts as a photon locator. For 
2 M ^ 2^ pixels on the anode array, the output electronics generate a logic compat- 
ible M + A bit address for each detected photon. The located photon counts are 
accumulated in an external memory to build a picture that is periodically read out 
for transfer to the spacecraft memory and eventually, the ground. The spectrograph 
detectors have a count rate limit of 10^ /s, set by the speed of the detection electron- 
ics. Details of the CODACON operation are described by McClintock et al. (1992) 
and Lawrence and McClintock (1996). 
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TABLE II 

UVIS spectrographic channels and HSP 





EUV 

(1115-1912 A) 


EUV 

(563-1182 A) 


HSP 


Telescope 


Focal length size (mm) 


100 


100 


200 


Entrance pupil size (mm) 


20 X 20 


20 X 20 


135 X 30 


Reflecting surface 


A1 -f Mgp2 


Boron carbide 


A1 ± Mgp2 


Toroidal gratings 


Size (mm) 


60 X 60 


60 X 60 




Grating radii (mm) 


300, 296.1 


300, 296.8 




Grating surface 


A1 -f Mgp2 


Boron carbide 


1068 1371 


Grooves/mm 


1068 


1371 




Input angle a (degrees) 


9.22 


8.03 




Out angles /I (degrees) 


±2.9 


-4.08 ± 1.72 




3-Position slits 


Slit widths (microns) 


75, 150, 800 


100, 200, 800 


6x6 


AL(A) (Extended source) 


2.75,4.8,24.9 


2.75,4.8, 19.4 




Field of view (mrad) 


(.75, 1.5, 8) X 60 


(1,2, 8) X 59 




Detectors 


Photocathode 


Csl 


KBr 


Csl 


% Maximum QE 


8 


25 


10 


Detector window 


MgF2 


none 


Mgp2 


Detector size (mm) 


25.6 X 6.4 


25.6 X 6.4 


11.0 dia 


Pixel format (L x 6) 


1024 X 64 


1024 X 64 




Pixel size (/x) 


25 X 100 


25 X 100 




Pulse resolution 


10 /xsec 


10 jusec 


50 n sec 


UVIS characteristics 


Mass 

Vslume (L X W X H) 


15.6 kg 

50.8 cm X 23.5 cm x 30.5 cm 




Power 


8 W (average), 12 W (peak) 





The two-dimensional format for the CODACON detectors allows simultaneous 
spectral and one-dimensional spatial coverage. The detector format is 1024 x 64 
(spectral hy spatial) with a pixel size of 25 x 100 mm. Two separate detectors span 
the instrument’s wavelength range, as follows. A windowless detector is required 
for the EUV wavelength range 56 to 118 nm. We chose KBr as the photocathode 
material for this detector because of its ability to withstand a moderate amount 
of exposure to atmospheric water vapor. Csl was also considered as the EUV 
photocathode, but it requires a door with a hermetic seal to protect it before launch. 
Csl is the photocathode material for the EUV wavelength range, 110 to 190 nm. 
This detector is enclosed in a separate vacuum housing with a MgE 2 window. 
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Although other materials such as CsTe are more efficient photocathodes than Csl 
for wavelengths longer than 130 nm, we use Csl for the FUV because it is much 
less sensitive to longer wavelength scattered light within the spectrograph. This 
scattered light usually dominates and can often obliterate weak planetary FUV 
emissions when a CsTe or a more red-sensitive photocathode is used. 

2.1.2. Optical Design 

The optical requirements for FUV channel spectrometers are unique because the 
low reflectivity of optical materials at these wavelengths requires that the number of 
optical elements in the system be as small as possible. Our design is a single-mirror 
telescope followed by an entrance slit and a concave grating used in a Rowland 
circle mount. 

We found that the EUV channel configuration also provides satisfactory spatial 
and spectral resolution in the FUV channel. The two channels are identical except 
for the optical coatings, diffraction grating rulings, and detector photocathodes. To 
achieve the desired spectral resolution, the optics must provide image quality in 
the spectrograph dispersion direction that is comparable to the CODACON spatial 
resolution limit of 2 pixels (0.05 mm). Toroidal gratings used with the angle of 
diffraction equal to zero in the center of the detector have the best imaging properties 
because, for a given angle of incidence, they produce stigmatic images at two 
wavelengths in the focal plane. 

The FUV channel is shown in Figure 3. This design represents the best compro- 
mise for spectral resolution, image quality, and instrument size. The EUV channel is 
identical to the EUV except that the detector window and ion pump are not present. 
Each telescope consists of an off-axis section of a parabolic mirror with a 100 mm 
focal length. A 20 x 20 mm aperture, which is 133 mm in front of the telescope 
mirror, acts as a Lyot stop conjugate to the grating. We have equipped the telescope 




Figure 3. FUV optical configuration optimizes the trade-off between imaging and spectral resolution 
in the available volume. 
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Telescope Point Source Transmittance (Log Bose 10) 




Azimuth Angle (degrees) 



Figure 4. Contour plots of the logarithm of the telescope point source transmittance of the FUV and 
EUV channels. 

with a sunshade and haffle system to minimize scattered light background during 
limh scan measurements. The point source rejection ratio, which was measured 
using a laboratory collimator to simulate a star, is 10® for sources located 1° or 
more away from the field of view (Figure 4). 

Each spectrograph consists of a set of three interchangeable entrance slits (0.075 
to 0.8 mm wide x 6.4 mm tall, see Table 11) and a toroidal grating with a 300 mm 
horizontal radius of curvature used in a Rowland circle mount. The spectrum is 
thus formed on a cylinder of radius 300 mm. The detector lies on a chord of the 
Rowland circle to minimize average defocus over its planar 25.6 x 6.4 mm sensitive 
area. The grating ruling spacing is set to meet the spectral coverage requirement 
for each channel. 

Mechanical constraints require the spectrograph housings to have the angle 
a — /f=9.2° identical for both channels (a and fi are the angles of incidence and 
diffraction, respectively). This configuration results in /f = 0° at the center of the 
detector for the FUV channel. The detector then subtends angles A/f = ±2.45° 
along the Rowland circle. The grating radii yield the stigmatic wavelengths at 
/is = ±1.23°, with the detector plane also intersecting the Rowland circle at these 
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wavelengths. This configuration thus yields the best average imaging over the entire 
detector. 

2.1.3. Spectrometer Sensitivity 

The following equations relate the signal and noise output of the UVIS spectrometer 
channels to their design parameters. For viewing extended sources, 

5(A) = /(A) * At(A)/F. 2 * Apix * r(A) QE{X)T (1) 

A^^(A) = 5(A) + Br (2) 

where 5 is the signal in counts per pixel, A the wavelength, I the source radiance in 
kR ( 1 0^ emitted photons per square centimeter per 4n steradian per second). At / Fj 
the square of the optical system focal ratio, Apix the area of a single detector pixel 
in square centimeters, r the optical system transmission, QE the detector quantum 
efficiency; T the observation time in seconds; N the noise in counts per pixel, and 
B the detector background or ‘dark count’ in counts per pixel per second. 

Figure 5 shows the system sensitivity of UVIS for each channel and for the 
high-resolution and low-resolution slit widths (each labeled by its width in /xm) 
and spectral resolution in nm. Curves for the occultation slits (not shown) are a 
factor of 10.7 higher than the curves for a 75 /xm slit. In limb scan mode, we 
orient the entrance slit parallel to the planet limb and slew the spacecraft to obtain 
vertical profiles, summing all 64 spatial pixels into a 1024 x 1 spectrum. Mapping 
mode uses the full 2-dimensional capability of the detector, and we generate a 
spectral-by-spatial map of 1024 x 64 pixels. 



Instrument Sensitivity 




Figure 5. UVIS sensitivity in counts/second/kiloRayleigh. Each curve is labeled by the slit width 
(/xm) and the resolution (nm). Higher sensitivity is available in limb scan mode from adding all the 
64 picture elements along the slit. 
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Detection Limit for o 3600 sec Observotion 




Wovelength (nm) 

Figure 6. UVIS sensitivity limits for an integration period of one hour. Solid lines indicate low 
resolution and high resolution slits. Dashed lines indicate summing of all spatial information along 
slit. 



In Figure 6, we plot the detection limit (i.e., the signal required to produce a 
signal-to-noise ratio of 3.0) for a 3600 s observation in limh scan and mapping 
modes. Solid lines are for typical observed CODACON backgrounds of 2 counts 
per detector (65,536 pixels) per second. The dashed lines in Figure 6 show detection 
limits for the total expected background, including the three Radioisotope Thermo- 
electric Generators (RTGs) that provide the spacecraft with electrical power. We 
estimate that the gamma rays emitted by the RTGs will increase the background by 
an additional 20 counts per detector per second. Observations during instrument 
check-out in 1999 gave a preliminary estimate of 35 counts. 

2.1.4. Example Spectroscopic Observations 

An example of mapping is as follows. Titan’s disk has an angular diameter of 2.6° 
(45 mrad) at 5.2 h before closest approach (at a distance of about 1.2 X 10^ km), 
and a single detector pixel subtends 2.5° of latitude at the subspacecraft point. The 
satellite just fills the length of the spectrograph entrance slit at T -3.7 h. Thus T -5.2 
h to T-3.7 h is an ideal time to make maps to provide data for photochemical models 
and aerosol studies (see Sections 3 and 4 below). 

Limb scans and atmospheric occultation measurements provide higher spatial 
resolution nearer to closest approach. We have good off-axis rejection of the bright 
disk for weak emissions if it is 5° from the optical axis. For thermosphere mea- 
surements at an altitude of 1000 km, this requires that the range must be less than 
1 1 X 10^ km. This occurs at about T -0.5 h when the high resolution, 75- /rm-wide 
entrance slit subtends about 9 km at the limb and the spacecraft drifts about 1 scale 
height (50 km) every 8 s. Occultation measurements of the atmosphere can be made 
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at larger ranges, especially on Titan’s night side, when there is minimal scattered 
light from the sunlit disk. 

2.2. Stellar and Solar Occultation Modes 

The UVIS spectroscopic channels will view stars that are occulted hy the atmo- 
spheres of Saturn and Titan and hy Saturn’s rings. Because spacecraft pointing 
accuracy is estimated at ±2 mrad, we have set each telescope field of view to he 
8 mrad wide (using the occultation slit: ‘Occ’) for stellar occultation experiments. 
The field of view is selected hy a three-position slit mechanism in each channel 
(Figure 2). Two other slit positions are provided: one that is 0.75 mrad wide (FUV) 
or 1 .0 mrad wide (EUV) to give the highest spectral resolution requirements for 
extended sources (‘Hi-Res’), and one that is 1.5 mrad (FUV) or 2.0 mrad (EUV) 
wide to provide a larger signal at less resolution (‘Eo-Res’). 

We also added a solar occultation capability to the EUV channel; more distant 
stars are generally not useful at wavelengths shorter than 91.2 nm because interstel- 
lar atomic hydrogen blocks their radiation. In this observing mode (see Eigure 2), 
light enters the EUV channel through a small aperture located 20° away from the 
normal viewing direction, and it is directed toward the telescope mirror by a small 
grazing incidence mirror. A two-position mechanism is used to block the light path 
when the solar viewing mode is not used. 

2.3. High Speed Photometer 

UVIS contains a High Speed Photometer (HSP) with an integration time of 2.0 
ms to observe stars occulted by the rings of Saturn. Eigure 7 shows the HSP con- 
figuration, which consists of a telescope mirror that is approximately 10 times 
as large as those used in the spectroscopic channels, followed by an aperture to 



Photomultiplier Tube Telescope Mirror 




Figure 7. High Speed Photometer (HSP) layout showing High Voltage Power Supply (HVPS) and 
Pulse Amplifier/Discriminator (PAD). 
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limit the field of view to 6 mrad, a MgF 2 lens, and a Hamamatsu model R1081 
photomultiplier tube with a Csl photocathode used in pulse-counting mode. The 
lens images the telescope mirror onto the photocathode of the photomultiplier. 
Without this lens, small changes in spacecraft pointing would cause the image 
of the star to move around on the nonuniform detector photocathode, resulting 
in unwanted signal variations. Figure 7 also shows the detector electronics loca- 
tion, which includes a High-Voltage Power Supply (HVPS) and a Pulse Amplifier 
Discriminator (PAD). 

The spectral response of the HSP is limited at short wavelengths to about 115 
nm by the Mgp 2 detector window and at long wavelengths to about 190 nm by 
the work function of the Csl photocathode. We chose Csl for its low sensitiv- 
ity to solar light, because the spacecraft orbit geometry requires that many of the 
occultation observations be made while looking through the sunlit rings. The pho- 
tometer field of view must be at least 6 mrad to account for pointing errors of 
±2 mrad. If we used a photomultiplier with either a CsTe or a Bi-alkali photo- 
cathode with this large a field of view, sunlight reflected from the rings would 
produce a background at least 100 times larger than the signal from the brightest 
stars. Figure 8 is a contour plot of the off-axis response of the HSP. The off-axis 
response is roughly symmetric around the HSP boresight and drops off to 10“^ at 
10° off axis. Using a Csl photocathode, we are limited to stars with spectral class O 
and B (effective temperatures in the range 10,000-40,000 K), but the background 
from reflected sunlight is equal to the signal from a B5 star with a visual mag- 
nitude Mv of 4.5. During the Saturn orbital mission, we expect over 350 stellar 
occultation opportunities for the rings with stars that are at least 10 times brighter 
than Mv of 4.5. 



HSP Off Axis Response (Log Bose 10) 




Figure 8. HSP off-axis response (contours: logio of sensitivity relative to maximum signal). 
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2.4. HDAC Description 

The first use of a hydrogen absorption cell for spacehorne remote sensing was hy 
Morton and Purcell (1961). They used the cell as a hroadhand blocking filter to prove 
that hydrogen Lyman-a emission was present in the night sky of the Earth. Winter 
and Chubb (1967) used a hydrogen cell to observe the night-sky hydrogen Lyman- 
a line shape. In the 1970s, Bertaux flew hydrogen cells to study the line shape of 
hydrogen Lyman-a in planetary coronae and the local interstellar medium (LISM). 
These experiments included OGO-5 at Earth (Bertaux, 1978), the Soviet Venera 
missions at Venus (Bertaux et al., 1978), the Soviet Mars missions (Babichenko et 
ah, 1977), and the Soviet Earth orbiters Prognoz 5 and 6 (Bertaux, 1977). 

The only successful use of a hydrogen deuterium absorption cell to measure 
the deuterium-hydrogen ratio (D/H) in the Earth’s atmosphere is by Bertaux et 
al. (1984) aboard Spacelab-1. Unsuccessful attempts to measure atomic D/H in- 
clude Mars (Babichenko et al., 1977) and Venus (Bertaux et al., 1978). The cells 
mentioned above were made of glass. The Japanese Nozomi mission to Mars has 
hydrogen deuterium absorption cells similar to the Bertaux cells (Kawahara et al., 
1993). Eor information on this experiment, also see Kawahara (1994). The fore- 
runners of the HDAC (stainless steel hydrogen cells) were developed by Hans 
Eauche and Wilhelm Barke of the Max-Planck-lnstitut fiir Aeronomie (MPAe) in 
Katlenburg-Eindau, Germany, as part of the Interzodiac program. The Teflon coat- 
ing of the HDAC cells allows lighter weight and lower power, since recombination 
times are longer. 

The Cassini HDAC channel (Eigures 9 and 10), which was built at the MPAe, 
consists of a Channel Electron Multiplier (CEM) photodetector equipped with 3 
absorption cell filters: a hydrogen cell, a deuterium cell, and an oxygen cell. The 
cells are separated by MgE 2 windows. The oxygen cell was designed to be a static 



Tungsten FilameMs 




Figure 9. Conceptual diagram of the Cassini Hydrogen Deuterium Absorption Cell (HDAC). The 
tungsten filaments dissociate molecular hydrogen and deuterium inside the cells. The dissociated 
atoms resonantly absorb hydrogen and deuterium Lyman-o;. Cycling the filament currents in both the 
hydrogen and deuterium cells gives a direct measurement of the hydrogen and deuterium Lyman-cf 
intensities. 
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HV Power 



CEM Detector 




broadband filter from 1 150 to 1800 A but was unfortunately vented prior to flight 
due to contamination caused by water vapor accumulating in tbe O 2 cell. The 
hydrogen and deuterium cells function as adjustable absorption filters, as described 
below. 

In each cell, a hot tungsten filament dissociates the H 2 and D 2 molecules into 
atoms, producing an atomic density dependent on the filament temperature. These 
atoms resonantly absorb the hydrogen and deuterium Lyman-a lines (located at 
1215.67 A and 1215.34 A) passing through the cells. Cycling the filaments on 
and off and comparing the differences in signal gives a direct measurement of the 
relative hydrogen and deuterium signals. For an analysis and calibration of the 
Cassini HD AC absorption cell, see Maki (1996). 

The cells are mounted on an anodized aluminum baseplate along with a baffle 
attached to the front of the hydrogen cell. At the entrance to the HD AC, a single 
MgF 2 lens focuses the incoming light. The lens and windows are laser-welded into 
the ends of the cell bodies, and the cells are connected by flanges. The cells are 
filled to approximately 1 .2 mbar pressure. Each cell has two filaments controlled by 
separate filament current regulators for each cell. The two regulators are essentially 
low-voltage power supplies that set and regulate the power into the filaments. Only 
one filament at a time per cell is used during flight. A Pulse Amplifier Discriminator 
detects photoelectrons from the CEM and sends pulses to the UVIS instrument logic. 

2.5. Measuring d/h with the HDAC 

The optical depth r of an HDAC cell at line center is r = crtiYiL, where a is the 
photoabsorption cross section, is the number density of the atoms, and L is the 
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TABLE III 

Hydrogen atom density and the corresponding number of atoms in a 300 K hydrogen 
absorption cell for various values of optical depth. 



Optical depth 


Atomic hydrogen 
density (atoms/cm^) 


Number of dissociated 
hydrogen atoms in a single 
HDAC absorption cell 


0.5 


1.7 X lO" 


7.5 X 10'2 


1 


3.5 X lO" 


1.5 X 10'^ 


5 


1.7 X 10'2 


7.5 X 10'3 


10 


3.5 X 10'2 


1.5 X 10'"^ 



Note. The number of dissociated atoms is much smaller than the total number of 
molecules in the cell (10^®). The maximum optical depth of the HDAC is less than 
20 (see Section 2.4). 



TABLE IV 

Measured HDAC flight unit optical depths for the hydrogen 
and deuterium cells (Maki, 1996) 



Step 


Hydrogen cell 


Deuterium cell 


m 




m 




1 


0.15 


0.0 


0.3 


0.02 


2 


0.8 


0.0 


1.5 


0.16 


3 


1.4 


0.0 


2.7 


0.25 


4 


2.1 


0.0 


4.3 


0.37 


5 


4.8 


0.0 


10.0 


0.87 


6 


6.0 


0.0 


11.0 


1.06 


7 


7.0 


0.0 


13.0 


1.28 



path length (8.5 cm). For the HDAC hydrogen cell at 300 K, cr — 3.4 x 10“^^ cm^. 
Table 111 shows the hydrogen atom density for selected values of optical depth. The 
transmission of the cell at line center is given hy T — e~^ . See Table IV for the 
measured values of the flight HDAC optical depth as a function of filament step. 
Transmission as a function of wavelength is given by 

A 

T{k) = where (p{X) = e "n (3) 



where AA.d is the Doppler width. 

Because the HDAC is sensitive to electromagnetic radiation over a wide spectral 
range, the signal generated by the HDAC is directly proportional to the integrated 
intensity of the incoming radiation over this region. The total signal is expressed as 




SiX)H(k)T{),) dX 



(4) 
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where 1 is the signal from the photometer, H{k) is the intensity of the radiation as 
a function of wavelength, 5(A) is the sensitivity of the photometer, and T (A) is the 
transmission of the filter as a function of wavelength. The ratio of the modulated 
intensity 1 to the unmodulated intensity /q (assuming no background) is given hy 
the reduction factor R : 

7 ^ /r^5(A)77(A)r(A)dA 

^0 5(A)77(A) dA ^ ’ 

When no power is applied to the filament, the absorption cells contain only 
molecules, and the cells are transparent to incoming radiation at Lyman-a. When 
power is applied to the filament in the cell, the molecules dissociate into absorbing 
atoms, which block incoming radiation at Lyman-a . This process defines a negative 
filter; subtracting this filter profile from unity gives an effective filter, Iq — I, which 
is: 

lo- I = j 5(A)77(A)(1 - T(A)) dA (6) 

Note that in general, the background level will be unknown and will be determined 
by taking the differences between the modulated and unmodulated signals. 

In addition to measuring the ratios of the deuterium and hydrogen Lyman-a lines, 
the Cassini HDAC, as a high resolution spectrometer, has the ability to measure 
the Lyman-a line shapes. Because instrument filter functions have different shapes 
for each filament level, a full cycle through the filament settings produces a set of 
filters that probes the line shape of the incoming radiation. Additionally, the range 
of spacecraft Doppler velocities scans these filter functions through the line. 



2.6. HDAC Calibration 

2.6.1. Lyman-a Sensitivity 

The sensitivity 5Lya of the instrument is the count rate per input flux: 

10 ^ 

S^ya = — ■ QE ■ n ■ Tl (7) 

47V 

where 5Lya is in units of counts/sec/Rayleigh, QE is the quantum efficiency of the 
detector in units of counts/photon, is the solid angle subtended by the HDAC 
FOV in units of steradians, T-^ ■ Tl is the transmission of the three windows and 
the single lens, and A is the area of the front lens in units of cm^. The value of 5Lyo. 
(as measured in the laboratory using a calibrated NIST windowed UV photodiode) 
is (30 ±10) counts/sec/Rayleigh. 

2.6.2. Broadband Sensitivity 

The red tail of the HDAC is the sensitivity of the instrument to electromagnetic 
radiation redder than 1216 A. The broadband spectral sensitivity of the HDAC is 
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HDAC Red Tail Sensitivity 




Figure 11. HDAC on-axis red tail sensitivity. Because detector red tails typically decrease with time, 
this value for the sensitivity is an upper limit. The dash dot and dashed lines represent the modeled 
sensitivity for an HDAC with a Csl and KBr detector, respectively. The detector in the HDAC Flight 
Model (FM) has a KBr photocathode, implying that the FM red tail curve may eventually fall on 
the modeled curve for KBr. The dotted line at 10“^ counts/photon is the dark count of the detector 
divided by the number of photons in the beam, the lowest sensitivity value that could be measured in 
this particular experiment. 



bracketed on the blue side by the MgF 2 windows, which absorb radiation below 
1150 A. The value for the sensitivity of the instrument from 1750 A to 2400 A 
is important, because at this point the UV output of the sun begins to increase 
rapidly with wavelength. Because the signal from the reflected solar background 
radiation is an important component in the determination of the signal-to-noise 
ratio of HDAC data, a KBr (potassium bromide) detector was chosen because it 
possesses the combination of low detector sensitivity to solar radiation and high 
sensitivity to Lyman-a. When making observations of planetary atmospheres, the 
background signal in the red tail region is determined by a competition between 
the increasing solar output and the decreasing photocathode sensitivity. If the 
photocathode efficiency decreases fast enough relative to the solar output, the solar 
contribution to the background will be minimal. If however, the photocathode 
efficiency decreases foo slowly, the background from the sun can dominate and 
Lyman-a observations will be difficult due to the low signal-to-background ratio. 
Measurements of the HDAC red tail are shown in Figure 1 1 . The red-tail sensitivity 
of CEM detectors of this type has been known to increase over the timescale of sev 
eral years (Hans Lauche, personal communication). We are monitoring possible 
changes in the red tail by performing in-flight calibrations. The measurements are 
above the predicted KBr response, but may decay to the model curve with use. 
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Cassini HDAC POV at 1216 Angstroms 




degrees from center 



Figure 12. The HDAC off-axis radiometric response at 1216 A. 



2.6.3. Ojf-Axis Response 

The HDAC off-axis response was measured at two wavelengths (1216 A and 
2537 A) using a pan/tilt calibration fixture. See Figure 12 for a plot of the HDAC 
off-axis response at 1216 A. 

2.6.4. In-flight HDAC Performance 

To date, HDAC has had several checkout and calibration activities in flight. Unfor- 
tunately, these activities were dissimilar to those we plan during the Saturn tour, 
and some behavior was unexplained. Thus, we are engaged in further testing and 
HDAC observations of the interstellar medium, Jupiter, and stellar sources to bet- 
ter define the HDAC performance and confirm its capability to meet the science 
measurement objectives for D/H at Titan. 



3. Chemical Composition in the Atmospheres of Titan and Saturn 

A unifying theme that relates our atmosphere to all planetary atmospheres in the 
solar system is to understand their origin, composition, and evolution. All plan- 
ets share a common origin about 4.6 billion years ago. The subsequent diver- 
gence in the solar system may be attributed to initial conditions and subsequent 
evolution. A comprehensive survey of the chemical composition of all plane- 
tary atmospheres, including that of the Earth, has recently been carried out by 
Yung and DeMore (1999). Unfortunately, most of the evidence for atmospheric 
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evolution in the solar system has not been preserved. Since Saturn and Titan 
were derived from materials in the same region of the solar nehula, and the 
two atmospheres were subjected to the same solar radiation over the age of 
the solar system, the comparative study of the chemical composition of the at- 
mospheres of Saturn and Titan offers a unique opportunity to explain planetary 
composition. 

3.1. Comparison OF Saturn AND Titan 

The atmosphere of Saturn is composed primarily of the lightest elements, hydrogen 
and helium, which were captured from the solar nebula during formation. The planet 
has a rocky core made of heavier elements. However, the mass of the gas greatly 
exceeds that of the core. Due to the enormous gravity of the giant planet, little mass 
has escaped from its atmosphere. Hence, the bulk composition is expected to provide 
a good measure of the initial composition of the solar nebula. Recently, significant 
departures (by factors of 2 to 3) from the solar values for the heavy elements C, N, P, 
and S have been observed for Jupiter and presumably for Saturn (Owen et ah, 1999; 
Atreya et al., 1999; Orton et al., 2000). The enhancement of O is not confirmed 
because fhe Galileo probe entered an unusually dry part of the atmosphere of Jupiter 
(Showman and Ingersoll, 1998). An influx of icy planetesimals formed at low 
temperature {T < 30 K) might have been responsible for the enrichment of heavy 
elements. 

Titan was formed in the Saturnian sub-nebula at the time of the formation of 
Saturn. Due to the lower temperatures in this region of the solar nebula, ices were 
common, and Titan (like Saturn) accreted material that is rich in ices. As the at- 
mospheric constituents are photochemically processed and converted into con- 
densible material, the ices on the surface or outgassing from the interior must 
maintain the supply of gas to the atmosphere. Titan possesses a thick, mildly 
reducing atmosphere that is different from the atmosphere of Saturn in at least 
two aspects. First, there is little H 2 in the atmosphere of Titan relative to the 
most abundant gas, N 2 . The gravity is low enough that light gases like H and 
H 2 did not accumulate at formation. In contrast, the composition of Saturn is 
dominated by H 2 . Second, unlike Saturn, Titan has a cold, solid surface. Organic 
compounds that are synthesized in the atmosphere are deposited on the surface, 
resulting in their permanent sequestration. This implies an irreversible chemical 
evolution of the atmosphere and the surface. Titan has no recycling of organic 
species as in Saturn. The atmosphere is being gradually destroyed by photolysis 
and must be resupplied by primordial ice on the surface or outgassing from the 
interior. 

The net result of the photochemical destruction of CH 4 is its conversion to 
higher hydrocarbons. Ultimately the product species gain molecular weight and 
become heavy enough to condense, giving rise to a ubiquitous aerosol layer 
in the atmosphere known as Axel-Danielson dust. The Titan aerosol chemistry 
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is augmented by the coupled chemistry of CH 4 and N 2 , resulting in the for- 
mation of nitrile compounds. The presence of an aerosol layer in the atmo- 
spheres of Saturn and Titan has profound consequences for the thermal bud- 
get of the upper atmosphere. Indeed, aerosol heating is a primary cause of the 
thermal inversion in the atmospheres of Saturn and Titan above the tropopause. 
The aerosols may also present a surface for possible heterogeneous chemical 
reactions. 

The previous major advance in our knowledge of Saturn and Titan is from the 
Voyager encounters, summarized in special issues of Science (Voyager 1, 1981, 
Voyager 2, 1982) and the Journal of Geophysical Research (Voyager 2, 1983). 
The Cassini mission offers a unique opportunity to expand the base of knowledge 
from previous missions and Earth-based observations and to make new funda- 
mental discoveries. One of the most important contributions of the Cassini ob- 
servations is a comparison of the thermal structure and photochemistry of Titan 
and Saturn. There are at least three important aspects of the chemistry of Sat- 
urn and Titan: the hydrocarbon chemistry, the oxygen chemistry, and the nitrogen 
chemistry. 

3.2. Thermal Structure 

Figures 13a and b show the temperature and bulk number density of the atmo- 
spheres of Saturn and Titan as a function of altitude. Unless otherwise stated, all 
Saturn and Titan data in the figures are from Moses et al (2000) and Yung et al. 
(1984). The temperature at the top of the Saturn atmosphere is uncertain; two values 
have been reported: 420 K (Smith et al, 1983) and 700 to 800 K (Atreya et ah, 
1988). The results based on Voyager (see special issues referenced above) reveal 
several prominent common features of the thermal structure that are so distinctive 
as to be the basis for dividing the atmosphere into regions. The region from the 
reference level to the temperature minimum is known as the troposphere, where 
the temperature decreases with altitude. The troposphere is characterized by vig- 
orous convective activities. Above the tropopause is the stratosphere, where the 
temperature increases to a maximum around 400 km. The inversion is caused by 
the absorption of sunlight by aerosols and has the effect of inhibiting mass exchange 
between the stratosphere and other parts of the atmosphere. Above this, the temper- 
ature decreases again in the mesosphere to a second minimum near the mesopause 
(around 800 km). Above the mesopause, the temperature rises again in the 
thermosphere. 

The most interesting aspects of the thermal structure of Saturn and Titan are 
the thermal inversions in the stratosphere and the thermosphere. The principal heat 
absorbers in the stratosphere are CH 4 and the Danielson-Axel aerosols. Titan has 
more aerosols, and its stratosphere is therefore warmer. A quantitative relation 
between the composition and the heat budget remains to be established from more 
precise measurements. 
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Figure 13. (a, b) Temperature profiles in the atmospheres of Saturn and Titan. Zero km refers to the 
1 bar level on Saturn and 1.5 bar (the surface) for Titan. A possible higher temperature of Saturn’s 
upper atmosphere of 700 K to 800 K (Atreya et al., 1988) is not shown. 

The hot thermosphere of Saturn is a puzzle (Festou and Atreya, 1982). In the 
terrestrial atmosphere, the high temperature can he explained hy solar heating 
balanced hy cooling due to conduction. This appears to he an adequate expla- 
nation for the thermospheric temperature on Titan, hut not for Saturn, because 
it implies a very large eddy diffusion coefficient. An additional heating mech- 
anism, such as that associated with the viscous damping of upward propagat- 
ing waves from the troposphere, may be needed to account for the hot thermo- 
sphere of Saturn (Young et al., 1997). To quantify this mechanism, we need 
observations of gravity waves, as manifested in the vertical structure of tem- 
perature and the vertical profiles of chemical species in the mesosphere and 
lower thermosphere. This can best be accomplished by UVIS solar or stellar 
occultations. 
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3.3. Photochemistry 

The photochemistry of hydrocarbons in the atmosphere of Jupiter has been studied 
in a comprehensive model that includes all the relevant chemistry up to 8 carbon 
atoms and vertical transport by eddy diffusion (Gladstone et al, 1996). As one of 
the four giant planets, Saturn’s photochemistry should be similar to that of Jupiter. 
The chemical model for Jupiter has recently been extended to Saturn by Moses et 
al. (2000). The major changes in the model include the new chemistry of oxygen 
species that have been detected by the Infrared Space Observatory (ISO) (Degraauw 
et al. , 1997). The photochemistry of hydrocarbon, oxygen, and nitrogen species on 
Titan was modeled by Yung et al. (1984) in a comprehensive chemical model that 
incorporated all the observations of the Voyager available at that time. Since then, 
there have been updates and extensions of that model based on subsequent Voyager 
analysis (Coustenis and Bezard, 1995; Coustenis et al., 1989, 1991), and further 
analysis of data (Lara et al., 1996), as well as laboratory kinetic studies (e.g., 
Zwier and Allen, 1996). These results will be briefly discussed in their relation to 
a comparative study of Saturn and Titan by Cassini. 

3.3.1. Hydrocarbon Chemistry 

Figures 14a and b show the principal hydrocarbon species in the atmosphere of 
Saturn. Methane is the parent molecule of all hydrocarbons in the model. Its mixing 
follows the bulk density of the atmosphere (see Figure 14a). Rapid destruction 
occurs around and above the homopause, which is at an altitude of 1 1 10 km (Atreya, 
1982). The destruction of CH4 gives rise to the production of radical species, which 
eventually recombine to form C2H6> C2H4, C2H2 (Figure 14a) and heavier species 
C3H8, C4H2 and C4H10 (Figure 14b). We note that the alkanes (C2He> CaHg, C4H10), 
once formed, are stable; their concentrations are high in the stratosphere. But the 
unsaturated hydrocarbons (C2H2^ C2H4, C4H2) are less stable. They are destroyed 
before they reach the lower stratosphere. All higher hydrocarbon species are rapidly 
removed below the tropopause by rapid transport to the interior of the planet, where 
they are recycled back to the thermodynamically most stable product, CH4. Since 
CH4 is originally derived from the deep atmosphere, this constitutes a closed loop; 
there is negligible loss of even the lightest molecules. 

Figures 15a and b show the principal hydrocarbon species in the atmosphere of 
Titan. Comparing with Saturn, we note that the efficiency of organic synthesis is 
much higher in Titan, even though the total rate of CH4 photolysis (the primary 
driver of photochemistry) is the same. The main reason is that Saturn’s atmosphere 
is dominated by H2^ whereas Titan’s atmosphere is dominated by N2. This will 
become clear if we examine the comparison between atomic hydrogen profiles in 
fhe atmospheres of Saturn and Titan (Figure 16). The lower concentration of H 
atoms on Titan is due to their escape from Titan. As a result, the back reaction: 



H + CH3 + M ^ CH4 + M 



( 8 ) 



Altitude (Km) Altitude (Km) 
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(a) 




(b) 



Figure 14 . (a) Number density profiles for the major hydrocarbons in the atmosphere of Saturn: CH4, 
C2H6, C2H4, C2H2. (b) Number density profiles for the major hydrocarbons in the atmosphere of 
Saturn: C3H8, C4H2, C4H10. 
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Figure 15 . (a) Number density profiles for the major hydrocarbons in the atmosphere of Titan; CH4, 
C2H6, C2H4, C2H2. (b) Number density profiles for the major hydrocarbons in the atmosphere of 
Titan: C3H8, C4H2, C4H10. 



328 



L. W. ESPOSITO ET AL. 




H Concentrotion (cm"*) 



Figure 16. Number density profiles of H atoms in the atmospheres of Saturn and Titan. 



is less important on Titan than on Saturn, and the methyl radicals can proceed 
to form higher hydrocarbons more efficiently. A careful quantitative comparison 
between the hydrocarbons and hydrogen from the Cassini mission is expected to 
reveal major new insights on the carbon chemistry in the outer solar system and 
to confirm or disprove some of fhe current models. A major puzzle is the model’s 
failure to account for the formation of CH 3 C 2 H (not shown), which requires a 
new chemical pathway for forming this molecule. Although some of the heavy 
hydrocarbons are not expected to be observable by the UVIS experiment, the model 
provides a reference for future experiments. Also, in polar regions, the hydrocarbon 
concentrations may be enhanced due to auroral processes, and the model might have 
underestimated their concentrations. 

3.3.2. Oxygen Chemistry 

The composition of Saturn and Titan is reducing. The oxygen chemistry is entirely 
driven by an exogenic source, the ablation of micrometeoroids in the upper atmo- 
sphere. Figures 17 and 18 show the concentration profiles of the major oxygen 
species in the atmosphere of Saturn and Titan, respectively. UVIS measures O and 
CO directly; other species can be inferred indirectly or measured by CIRS. Al- 
though all the oxygen species are initially derived from a meteoric source, the most 
abundant oxygen species is not H 2 O but CO. The reason is that H 2 O condenses 
in the stratosphere and is removed from the middle atmosphere. The ultimate loss 



CASSINI ULTRAVIOLET IMAGING SPECTROGRAPH 



329 




Figure 17. Number density profiles for the major oxygen species in the atmosphere of Saturn. 




Figure 18. Number density profiles for the major oxygen species in the atmosphere of Titan. 



330 



L. W. ESPOSITO ET AL. 



mechanism of CO is formation of CO 2 , followed by condensation at the tropopause. 
There is an interior sink for CO on Saturn, where CO is eventually converted to 
the thermodynamically stable molecules, CH 4 and H 2 O. On Titan, CO is stable 
on the surface (like N 2 ). This explains the main difference between the vertical 
profiles of CO on Saturn and Titan. Our CO concentration for Titan is consistent 
with the measurements of Lutz et al. (1983), Muhleman et al. (1984), and Gurwell 
and Muhleman (1995). However, Marten et al. (1988), Hidayat et al. (1997), and 
Noll et al. (1996a) found significantly lower values. Since the chemical lifetime 
of CO on Titan is on the order of 10*^ years, we expect CO to be well mixed in 
the atmosphere, and there should be little change from year to year. Thus, the dis- 
crepancies between the observations are puzzling and must be resolved by future 
measurements. The most interesting question concerning the oxygen species on 
Saturn and Titan is the origin of the micrometeoroids. Are these interplanetary dust 
particles from the Asteroid Belt, the Kuiper Belt, the rings of Saturn; or is debris 
from the icy satellites transformed to exotic molecules in the atmosphere of Saturn 
and Titan? 

3.3.3. Nitrile Chemistry 

Figure 19 shows the nitrile compounds in the atmosphere of Titan. No nitrile com- 
pounds have been discovered on Saturn. These compounds are of great interest to 




Figure 19. Number density profiles for the major nitrogen species in the atmosphere of Titan. 
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the origin of life as the basic constituents of amino acids and precursors to life. 
They are produced as a result of the photochemistry of nitrogen and hydrocarbons. 
Both the energy source that drives the nitrogen photochemistry and the chemical 
kinetics that generate and recycle these compounds are poorly understood from 
previous observations. For example, the abundance of CH 3 CN cannot be explained 
by chemistry based on measured kinetics. 

The model of Lara et al. (1996) is based on the reaction: 

CN + CH 4 ^ CH 3 + HCN (9) 

CN + CH 4 ^ CH 3 CN + H (10) 

While branch (9) is well known, branch (10) has never been measured. Detailed 
observations of the altitude profile of CH 3 CN in the future would provide a test of 
this hypothesis. 

In summary, the Cassini UVIS observations will result in major advances in our 
understanding of the upper atmospheres of Saturn and Titan: 

(1) The temperature of the thermosphere and the heating mechanism responsible 
for maintaining the high temperature on Saturn. 

(2) The eddy mixing in the atmospheres of Saturn and Titan; comparison of an 
atmosphere without a surface and a thick satellite atmosphere with surface and 
possibly ocean. 

(3) The efficiency of organic synthesis in an H 2 dominated atmosphere versus that 
in an N 2 dominated atmosphere. 

(4) The impact of hydrogen escape at the upper boundary on atmospheric chemistry. 

(5) The magnitude and fate of the influx of oxygen in the ablation of micromete- 
oroids in the atmospheres of Saturn and Titan. 

( 6 ) The chemical pathways leading to the formation of Danielson- Axel aerosols in 
the atmospheres of Saturn and Titan. 



4. Clouds and Aerosols 

4. 1 . Stratospheric Aerosols 

The study of aerosols touches on many facets of atmospheric science. Aerosols 
are one of the end products of chemistry in the high atmosphere initiated by the 
breakup of molecules by photolysis and by charged particle bombardment. Charged 
particle bombardment is thought to be especially important in auroral regions. 
Aerosols absorb solar radiation and thereby play a role in the energy balance and 
meridional circulation of the stratosphere. UV wavelengths are more sensitive than 
longer wavelengths to small particles, which have a long residence time in the 
stratosphere and can serve as tracers of the circulation and horizontal eddy transport. 
Observations by UVIS will lead to detailed knowledge of their UV optical properties 
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and vertical distribution, which are necessary to estimate solar heating, and can be 
used along with observations of infrared cooling and heating to derive the mean 
meridional circulation, as West et al. (1992) have done for Jupiter’s stratosphere. 
These observations are also necessary to derive aerosol number density, size, shape, 
and refractive index, which in turn serve to constrain aerosol/chemical life-cycle 
and microphysical models. 

Ultraviolet wavelengths remotely sense the stratospheres of Saturn and Titan. 
Molecular scattering by H 2 and He provides enough opacity to establish vertical 
optical depth 1 at 37 mbar at 190 nm wavelength, decreasing to lower pressure 
approximately as Additional opacity due to gas (mostly hydrocarbons, see 
Section 3) and aerosol constituents will push this level to even lower pressures, 
especially near the poles, which are considerably darkened. In Titan’s stratosphere, 
an optically thick aerosol haze dominates the opacity at wavelengths down to 1 80 
nm and causes Titan’s geometric albedo to be remarkably low (0.02 from 180 to 
220 nm, McGrath et al., 1998). 



4.2. Saturn 

Saturn’s banded appearance is the result of cloud and aerosol particles, which are 
transported by the zonal wind structure. As on Jupiter, the polar and low-latitude 
regions are distinctly different. Equatorward of the transition region, the atmosphere 
is moderately absorbing, but at higher latitudes the concentration of absorbers 
is much greater. This difference may be attributable to the strong contribution 
that auroral energy deposition makes to aerosol formation in the auroral zones, 
coupled with a dynamical conhning mechanism (such as a zonal jet at the transition 
latitude), which inhibits particle transport to lower latitudes. Auroral processes 
have been implicated for aerosol formation on Saturn ever since the Voyager 2 
photopolarimeter experiment showed UV absorbers to be concentrated at high 
latitude (Lane et al., 1982; Pryor and Hord, 1991). Jaffel et al. (1995) discovered 
an auroral dark oval in the northern polar region. They considered this to be strong 
evidence for an auroral connection to UV haze production. 

Previous work on Saturn’s aerosols and their connection to auroral processes 
leaves us with a number of questions. What is the nature of the dark feature asso- 
ciated with the aurora? Does it serve as a tracer for recent (within hours) aerosol 
formation, or does it reflect processes operating over longer time scales? At what 
altitudes do the aerosols begin to form? What dynamical process produces the sharp 
transition region? Can we see longitudinal contrasts over short spatial scales, and 
can they be exploited to reveal the nature of the zonal wind held at mbar pressures 
in the polar stratosphere? Are there variations over short or long time scales, and 
what do they imply? What are the sizes and shapes of the particles, and what is the 
nature of the microphysical processes that govern these parameters? What are the 
compositions of the particles at high and low latitude? 
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The UVIS instrument will provide information uniquely suited to address- 
ing these questions. It will supply images of Saturn at many wavelengths be- 
tween about 150 and 190 nm, which will be used to study the morphology of 
the banded structure and of the illuminated polar region. These images will have 
several advantages compared to what is obtainable from earth orbit, including 
better viewing angles during high-inclination orbits, better signal-to-noise ratio, 
frequent temporal coverage over a 4-year period, and phase angle coverage. Phase 
angle coverage provides information on the scattering phase function of the par- 
ticles, which is diagnostic of the particle size distribution. Together with infor- 
mation at other wavelengths from other instruments, it will help constrain parti- 
cle shape and the imaginary part of the refractive index (which is diagnostic of 
composition). 

Solar and stellar occultations will be used to measure the vertical profile of 
aerosol and gas opacity at the highest altitudes (pressure less than about 0.2 mbar). 
Solar occultations (with EUV only) provide EUV signal but are rare (at most 
a few during the mission), and the spatial resolution is limited by the angular 
size of the sun’s disk as projected on the limb. These provide direct measure- 
ments of the atomic hydrogen density and the thermospheric temperature. One 
or more stellar occultation events (primarily EUV) are expected for every orbit, 
providing modest latitudinal coverage and high spatial resolution in the vertical. 
Opportunities to do vertical profiling in and near the auroral region will be partic- 
ularly interesting, since the altitudes probed coincide with the location of auroral 
energy deposition. In addition to aerosol and gas-opacity profiles, these occulta- 
tion measurements will provide temperature information over one or two scale 
heights. An estimate of zonal winds at low pressure is possible within a limited 
latitude range if the latitudinal density of occultations is sufficient to derive isobaric 
slopes. 

4.3. Titan 

The importance of aerosols to atmospheric physics and chemistry is nowhere more 
evident than on Titan, and many papers in recent scientific literature have concerned 
themselves with Titan aerosols. Titan’s atmosphere contains mostly nitrogen with 
trace amounts of hydrocarbons, mostly methane. Destruction of methane by pho- 
tolysis (Yung et al., 1984) and by charged particle bombardment from Saturn’s 
magnetosphere, the solar wind, and high-energy cosmic rays leads to the produc- 
tion of a plethora of hydrocarbons and nitriles (see Section 3). Through a process 
as yet too complex to model accurately, these molecules lead to the formation of 
small haze particles high above the surface (in the altitude range 350 to 600 km). 
Several laboratory studies and theoretical treatments have revealed likely chem- 
ical pathways and products in this process (Yung et al., 1984; Thompson et al., 
1994; Devanssay et al., 1995; Zweir and Allen, 1996; McKay, 1996; Clarke and 
Eerris, 1997). 
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Refractive indices of the particles derived from studies of Titan’s geometric 
albedo are within a factor of 2 of those produced in the laboratory work of Khare et 
al. (1984). The particles do not absorb much at red wavelengths but absorb strongly 
at UV wavelengths. The particles that formed in several of the laboratory studies 
were aggregates of small spheres (Bar-Nun et al, 1988; Scattergood et al, 1992). 
Aggregate particles can account for the combination of modest forward scattering 
(near 1 60° phase angle) and high linear polarization (near 90° phase angle) produced 
by Titan’s haze (West and Smith, 1991; Lemmon, 1994; Rannou et al, 1997). 

Conventional aerosol microphysical models for Titan assumed that the particles 
are spheres (e.g.. Toon et al, 1992). Tomasko and Smith (1982) proposed a verti- 
cally inhomogeneous model with an optically thin layer of larger particles at the top 
of the atmosphere to account for the combination of forward scattering and linear 
polarization. Toon et al (1992) showed how that scenario could be supported with 
a microphysical model having upwelling at some latitudes. They simultaneously 
account for the detached haze layer seen in Voyager images (Rages and Pollack, 
1983). Haze morphology in the polar region as seen in Voyager images has con- 
siderable structure, indicating the importance of atmospheric dynamics in aerosol 
formation and transport. 

More recent models of haze microphysics have emphasized the aggregation pro- 
cess. This work has been carried out mostly by Cabane et al (1993), Chassefiere 
and Cabane (1995), and Rannou et al (1997). These models have become more so- 
phisticated with time, attempting to account for details of the haze vertical structure 
as well as the fractal dimension of the particles. 

Yet another important facet of Titan aerosol science is the observed north/south 
contrast and seasonal variation. Karkoschka and Lorenz (1997) used images of 
Titan’s shadow on Saturn to derive a north/south difference in altitude of the optical 
limb of the planet, which is close to zero at 337 nm wavelength but is 130 km at 954 
nm. This implies a hemispheric asymmetry in aerosol size (0.3 /rm mean radius in 
the north compared to 0. 1 /rm mean radius in the south). We still don’t have a good 
understanding of the highly coupled chemical/microphysical/ radiative/dynamical 
processes that produce the observed asymmetries and their variations with time. 

Observations by the UVIS instrument will provide unique and important in- 
formation to help sort out current questions about Titan aerosols. Maps of Titan’s 
reflectivity at many latitudes and phase angles at UV wavelengths will put new 
constraints on the size distributions and shapes of particles as a function of latitude. 
At close range (within 20,000 km of Titan), imaging along the limb will resolve 
structure whose scale height is much smaller (20 km or less) than the scale height of 
the gas. Because ultraviolet wavelengths are sensitive to small particles, the UVIS 
experiment will provide critical information on the aerosol formation region (300 to 
600 km altitude). Solar occultations at Titan can resolve subscale-height structure 
and provide important information on gas and aerosol opacity at high altitude. Mul- 
tiple stellar occultations will allow detailed vertical profiling of gas and aerosols at 
many latitudes down to an altitude of approximately 350 km. 
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In concert with Cassini images and IR spectroscopy, this will allow a com- 
plete picture of Titan’s stratosphere, which can he linked to the Huygens prohe 
results at lower altitudes from the Descent Imager/Spectral Radiometer (DISR) 
experiment. 



5. Thermospheres and Exospheres 



5.1. Introduction 

The unexpectedly high thermospheric temperatures of the giant planets are an 
unsolved puzzle. Unlike the terrestrial planets, we cannot explain their high tem- 
peratures (see Figure 20). UVIS can measure the various heating mechanisms hy 
their direct and indirect effects on UV thermospheric emissions. 



5.2. Saturn 
5.2.1. Saturn’s Aurora 

The Voyager UVS obtained limited information on Saturn’s aurora, which showed 
strong intensity variations in both north and south ovals (Sandel and Broadfoot, 
1981; cf. Broadfoot et ah, 1981; Sandel et al., 1982). More recent measurements 



ATMOSPHERIC KINETIC TEMPERATURES 




Figure 20. Kinetic temperatures of the atmospheres of the giant outer planets compared to the Earth 
and Venus. Open circles are the temperatures measured at the tops of the thermospheres (exobase; 
note range for Saturn). Filled circles are the temperatures predicted through model calculations. The 
modeled exobase temperatures for the outer planets are based on solar radiation input and the known 
thermal transfer properties of H 2 . Open squares are the mesospheric temperatures. Altitudes of the 
exobase are indicated on the plot. 
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Saturn high altitude aurora 





Figure 21. Model synthesis of high altitude Saturn auroral spectra in the UVIS EUV and FUV 
channels, showing H 2 bands and H emissions excited by soft electron precipitation. A brightness of 
10 kR is assumed. 

with the HST’s WFPC2 and STIS (Trauger et al., 1998) show temporal, longi- 
tudinal, and local time effects. The UVS data showed that much of the emis- 
sions come from the high thermosphere, implying very soft primary particles 
together with brighter, spatially confined ‘hot spots’ whose spectra are sim- 
ilar to those of Jovian aurorae and therefore imply primaries with sufficient 
energy to penetrate to the hydrocarbon homopause. The variations, the differ- 
ences from Jovian aurorae, and the evidence that neutral gases dominate Sat- 
urn’s magnetosphere indicate very significant dissimilarities between Saturnian 
and Jovian processes. The study of Saturn’s aurora by UVIS will further ex- 
plore these differences and should greatly advance our understanding of the Satur- 
nian phenomenae. A model of the UVIS response to a 10 kR aurora is shown in 
Figure 2 1 . 
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5.2.2. Saturn’s Airglow 

The H 2 emissions in Saturn’s dayglow show a spectrum very similar to that of its 
high-altitude ‘soft’ aurora (and to that of Jupiter’s dayglow (Sandel et ah, 1982; 
Shemansky, 1985; Shemansky and Ajello, 1983)). The H emissions are relatively 
stronger than in the aurora, suggesting a larger H/H 2 ratio or a substantial difference 
in source function. Although the Voyager UVS observations were affected by the 
weaker signal and the presence of the rings and their shadow, the Saturnian dayglow 
clearly differs from the Jupiter dayglow. Dawn is twice as bright as dusk, and the 
H Lyman-a and H 2 bands show limb-brightening at dawn, whereas Jupiter shows 
limb-darkening in H Lyman-a and H 2 emissions at both dawn and dusk. Saturn 
does not show Jupiter’s Lyman-a ‘bulge’ in longitude. Limb profiles at Saturn 
showed airglow scale heights five times larger than that of neutral H 2 , indicating a 
high-altitude source for the airglow other than solar radiation. Precipitation of soft 
electrons could explain the airglow and, by dissociating H 2 ^ provide both a source 
of thermospheric heating and a source of the observed magnetospheric H. A model 
of the UVIS response to the dayglow is shown in Figure 22. 

5.2.3. Occultation Measurements of Thermospheric Structure 

Solar and stellar occultations provide composition and temperature information 
throughout the thermosphere. Solar occultations below 912 A yield exospheric 
temperature and both H and H 2 profiles in fhe upper fhermosphere. At lower alti- 
tudes, where the angular size of the Sun exceeds the relevant scale heights, stellar 
occultations yield temperature and the identity and vertical distribution of absorb- 
ing hydrocarbons around the homopause. Analysis of Voyager occultation data also 
yielded the vertical flux of H and the eddy diffusion coefficient (Smith etaJ., 1983; 
Festou and Atreya, 1982). 

5.3. Titan 

Titan, like Triton and Pluto, has an atmosphere dominated by N 2 , and CH 4 is the 
most abundant trace gas. Their atmospheres derive from the slow release of CH 4 
and NH 3 from clathrates in the interior, with the NH 3 photolyzing to produce N 2 
(Atreya et al., 1978), and the delivery of volatiles by cometary impact (Zahnle and 
Dones, 1992). 

5.3.1. Thermospheric Emissions and Structure 

Titan’s atmosphere shows FUV and EUV emissions from N 2 , N, N+, and H, which 
are detectable on the night side and much brighter in sunlight. The excitation mech- 
anisms involve magnetospheric-particle precipitation and photoelectrons, perhaps 
accelerated by internal processes (Hall et al., 1992). The particle deposition may 
also produce both heating in and atom escape from the exobase region. Voyager 
spectra of the N 2 C' 4 -X system are unaffected by predissociation, implying gener- 
ation at the exobase (Shemansky et al., 1995) and hence a flux of soft electrons. 
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Saturn dayglow 




A. (A) 

Figure 22. Model synthesis of Saturn dayglow spectra in the UVIS EUV and FUV channels showing 
soft-electron excited H 2 and H. The long wavelength region is dominated hy the reflection of solar 
radiation. A brightness of 1 .0 kR for the H 2 bands is assumed, matching the value obtained by the 
Voyager UVS experiment. 



These electrons would also dissociate N 2 and any H 2 present; heating and escaping 
atoms would result. 

5.3.2. Occultation Measurements of Thermospheric Structure 
Voyager UVS occultation data analyzed hy Smith et al. (1982) at several wave- 
lengths (Figure 23) yielded temperature and composition information for altitudes 
between 400 and 1200 km. At dusk near the equator, the exospheric temperature 
was 186 K. Photolytic conversion of CH 4 to C 2 H 2 was seen above 800 km, and 
two absorbing haze layers were seen. The lower layer (at 375 km) appeared uni- 
form, which was confirmed by the Voyager cameras (Rages and Pollack, 1983). The 
upper layer (700 to 1100 km), presumably composed of poly acetylenes, differed 
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Optical Depth at Titan 




Figure 23. Voyager 1 UVS ingress (2.74°N) occultation measurements of optical depth at various 
indicated wavelengths as a function of radial distance from the center of Titan (after Smith, et al., 
1982). 



between ingress and egress. Other nonuniformities in temperature and composition 
have been reported by the Voyager IRIS (Coustenis, 1992). The Cassini UVIS, 
with much better resolution and sensitivity than the Voyager UVS, should provide 
information to within 100 km of the radio occultation limit of 200 km. 

5.4. Magnetosphere 

Both Saturn and Titan may supply neutrals to the magnetosphere. In any case, 
there is compelling evidence that considerable amounts of water are supplied by 
sputtering from ices in the system. The Voyager UVS detected H at out to 20 Rs, 
with a peak density of 100 cm“^ and extending 8 Rs above and below the equatorial 
plane. HST has detected OH at 4.5 and 6 Rs, with a null result at 8 Rs. There are 
theoretical grounds for expecting O in amounts similar to OH. Other sputtering 
products may be present in quantities detectable by UVIS, in addition to the H and 
O. The large neutral/ion ratios will have a large effect on magnetospheric energetics 
and structure. 
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5.5. Jupiter 

Cassini will fly past Jupiter in December 2000, presenting the opportunity to ex- 
amine questions raised by earlier observations at similar wavelengths (the Voyager 
UVS, the Galileo UVS and EUV, the lUE, the HUT, and the EUVE). The UVIS 
combination of sensitivity, resolution, wavelength coverage, imaging capability, 
and potential for extended synoptic coverage in many ways exceeds the sum of 
these earlier instruments. 

5.5.1. Jupiter’s Aurora 

The auroral spectrum consists of emissions from H 2 and H showing the effects of 
self-absorption by H 2 and of absorption by CH 4 , C 2 H 2 , and perhaps C 2 H 6 . X-rays 
have been detected (Waite et al., 1994), perhaps originating from the precipita- 
tion of heavy magnetospheric ions (Cravens et al., 1995; Gladstone et ah, 1998). 
Information on the energy of the precipitating particles can be obtained from the 
absorption features and the relative strengths of the Eyman series of H. Galileo and 
HST images have shown the auroral oval to be narrow (200 km) and structured, with 
variable emissions from inside the oval in the dusk sector. System III longitudinal 
dependence is well studied. 

5.5.2. Jupiter’s Airglow 

Airglow emissions from H, H 2 , and He have been detected (Shemansky, 1985; 
Eeldman et al., 1993). They are all limb-darkened, as is the reflected solar continuum 
at 166 A. X-rays from an unknown excitation process have been measured at low 
latitudes (Gladstone et al., 1998). UVIS, with its superior resolution and its spectral 
coverage, is well suited to throw light on the excitation and absorption mechanisms. 
It may also provide a resolution of the controversy surrounding the interpretation 
of the H 2 emissions. 

5.5.3. lo’s Plasma Torus 

Detailed observations of the torus’s radiant output (90% of which falls within 
UVIS’s range), ion composition, electron temperature, and structure will provide 
new information on its energy budget to elucidate its energy sources. UVIS may 
also detect the O and S atoms escaping from the torus and the Jovian system. Eigure 
24 compares a Galileo UVS/EUV spectrum at 35 to 40 A resolution with a model 
of the UVIS EUV response to torus emission at 2.4 A resolution. 



5.6. Summary 

The Cassini UVIS will bring to bear on the Saturn system considerably greater 
capabilities than possessed by the Voyager and Galileo UVS/EUV instruments. 
The long time scale of the Cassini tour will provide opportunities for multiple 
spectral images and solar and stellar occultations. These will provide the data to 
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lO TORUS EUV OBSERVATIONS 




Figure 24. Comparison of modeled UVIS spectrum of lo plasma torus with Galileo observation. The 
predicted UVIS spectrum at 2.4 A resolution obtains higher total signal counts in 1000 s than those 
obtained by the Galileo EUV instrument in 24 h, at a resolution of 40 A. 



examine and explain the thermospheric energy balance and to elucidate the supply 
of neutrals to Saturn’s unique magnetosphere. 

6. Icy Satellite Surfaces and Exospheres 

Saturn’s entourage of icy satellites is an important target for the Cassini mission. 
Most of what we know about Phoebe, lapetus, Hyperion, Rhea, Dione, Tethys, 
Enceladus, Mimas, Janus, and Epimetheus (to name just the larger moons) dates 
from the Voyager mission. The distance of the flybys and limited capability of the 
Voyager ultraviolet spectrometer leave much for the Cassini UVIS to discover. 

The moons of Saturn, whose orbits are within Titan’s orbit (except Hyperion, la- 
petus, and Phoebe), are embedded in Saturn’s magnetosphere. Composed primarily 
of water ice, they are too small to retain the thick atmosphere of their large sibling. 
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Titan. Their surfaces bear the signature, both in terms of radiation damage and 
evoived chemistry, of iong exposure to Saturn’s charged particie environment. New 
discoveries on the Galiiean sateiiites of oxygen chemistry driven by charged-particie 
bombardment and UV photoiysis of water ice are reievant to Saturn’s moons, aiso. 
Moiecuies sputtered from the icy sateiiite surfaces may form tenuous atmospheres, 
and they are a source of matter to Saturn’s magnetosphere. 

With UVIS we wifi use the interaction between the satellite surface and its 
magnetospheric environs to study three key areas of icy satellite science: (1) sur- 
face age and evolution, (2) surface composition and chemistry, and (3) tenuous 
atmospheres/exospheres. 



6.1. Surface Age AND Evolution 

Voyager images suggest complex thermal and geologic histories: for example, clear 
regional differences in surface age are visible in the Voyager images of Enceladus. 
Enceladus is speculated to be the source of Saturn’s E ring, possibly implying 
the existence of some sort of geologic activity supplying particles. Intriguing low- 
resolution images of ‘wispy terrain’ on Rhea and Dione also suggest regional units 
that have experienced very different thermal histories than are visible in high- 
resolution images of cratered regions of their surfaces (Smith et al., 1982). Our goal 
with UVIS will be to establish the exposure history of surface units by measuring 
their UV albedo, thus addressing regional age. 

Saturn’s icy satellites, which orbit within Saturn’s magnetosphere, experience 
the impact of energetic particles onto their surfaces; this bombardment can eject 
atoms and molecules from the surfaces, affect surface microstructure, and cause 
chemical alteration (e.g., Cheng et ah, 1986; Johnson and Quickenden, 1997; 
Delitsy and Eane, 1998). Surface UV albedo is affected by radiation darkening 
and surface chemistry and thus will vary with the amount of time; a unit has been 
exposed to the magnetosphere’s radiation and high energy particles. 

Eeading-side versus trailing-side asymmetries are to be expected. Bound mag- 
netospheric plasma orbits faster than the satellites and thus impacts their surface 
on the trailing side. The leading sides of Dione and Rhea are indeed brighter than 
their trailing sides (Nelson and Eane, 1987). 

The Galileo discovery at Jupiter that Ganymede certainly, and possibly Europa 
and Callisto, have internally generated fields and possess their own magnetospheres 
(Kivelson et al., 1997) is also relevant to our investigation of Saturn’s icy satellites. A 
magnetosphere will protect the satellite surface from Saturn’s plasma bombardment. 
The structure of the satellite’s magnetosphere may affect the geographic distribution 
of radiation damage by focusing radiation along open field lines (Johnson, 1997). 
In this case, rather than being able to determine relative surface ages, we may be 
able to study the structure of the moon’s own magnetosphere. 
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The fact that the orhits of Hyperion, lapetus, and Phoehe are well outside Saturn’s 
magnetosphere, except when they are in the portion of their orhits that carries them 
through Saturn’s magnetotail, gives us the opportunity to compare surfaces with 
quite different exposure levels. 

The Cassini UVIS will acquire full disk alhedo maps of each of the Saturnian 
satellites and spatially resolved spectra for most of the satellites. We will assem- 
ble the alhedo map from observations acquired every 15° of longitude and 10° of 
latitude, resolution permitting, for each of the major moons. Three factors deter- 
mine exposure history: the existence of an internal magnetosphere, the structure of 
the Saturn magnetosphere (e.g., leading- vs. trailing side bombardment), and the 
amount of time a surface unit has been exposed (which depends on the geologic 
history). In order to separate these causes, UVIS data maps will be correlated with 
imaging data to quantify the relationship between UV darkening and surface age. 
Cassini magnetometer data for close flybys may determine the existence of internal 
magnetospheres. Disk-resolved UV spectra have been used quite successfully by 
the Galileo Ultraviolet Spectrometer (UVS) Team to carry out similar investigations 
(Hendrix et al., 1998). 

In addition to relative age, surface evolution can be investigated by looking 
at surface microstructure via the phase function. Surface scattering properties 
are determined by the surface microstructure and large-scale roughness. The 
phase function will be different depending on whether the surface is smooth or 
structured at the scale of the wavelength being investigated, providing insight into 
the evolution of the regolith. One fascinating Voyager result is that in spite of the 
very different ages and appearance of different regions on Enceladus, the albedo, 
color, and photometric function properties are uniform, suggesting the possibility 
of a thin, ubiquitous layer of geologically fresh frost (Buratti and Veverka, 1984; 
Veverka et al., 1986; Buratti, 1988). 

Cassini will view Enceladus at ±0.01° phase angle, allowing us to measure 
the opposition effect, which in turn yields surface porosity. We will acquire phase 
curves for all of the Saturnian satellites, from 0° (Enceladus only) or 5° (most of 
the other satellites) to 160°. 

6.2. Surface Composition and Chemistry 

The bulk composition of the Saturnian satellites is predominantly water ice. Their 
surfaces are nearly pure water ice (Clark et ah, 1984), but with enough composi- 
tional or morphological differences to cause their spectra and UV/IR color ratios 
to be significantly different (Clark et al., 1986; Nelson and Lane, 1987) from each 
other and from the Jovian and Uranian satellite families. In spite of these differ- 
ences, we use the Jovian satellites as predictors of phenomena we may expect to 
find in the Saturnian system, adjusted for the colder temperatures. 

Investigation of photolysis and radiolysis of water ice is currently a very active 
area of research, propelled by recent Galileo results, earth-based observations. 
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and laboratory work. UV radiation dissociates H 2 O into H and OH, and H 2 . H 2 , 
O, and O 2 are produced from H and OH. H and H 2 are quickly lost to thermal 
escape. The flux of atomic hydrogen escaping from Ganymede has been measured 
by the Galileo UVS (Barth et ah, 1997). O and O 2 have been detected at Europa 
and Ganymede (Hall et al., 1995; Spencer et al., 1995; Calvin et al., 1996; Saur 
et al., 1998); thus, we might expect to detect these species at the Saturnian satellites. 
Reactions powered by solar UV ice photolysis have significant energy available but 
only affect the top tens of monolayers of the satellite surface. Plasma bombardment 
penetrates deeper, and the products may stay in the solid surface long enough 
to participate in other reactions, for example, providing the possibility for O 2 to 
form O 3 . Spectral absorption suggestive of ozone has been detected by the Galileo 
UVS on Ganymede (Hendrix et al., 1999) and by the Hubble Space Telescope on 
Ganymede, Rhea, and Dione (Noll et ah, 1996b; Noll et al., 1997). Laboratory 
results are not entirely consistent with Galilean satellite observations, however 
(Vidal etal., 1997 and Baragiola and Bahr, 1998), so being able to compare oxygen 
chemistry at a variety of temperatures and radiation environments will help in 
understanding the processes. 

Use of the ultraviolet portion of the spectrum for compositional studies of a 
surface is difficult, since few solids have features in the UV. If, however, component 
atoms and molecules are sputtered or sublimated from the surface, vapor phase 
spectral features may be detectable. With UVIS, we will look in particular for the 
spectral signature of O, N, N 2 , and CO as indicators of CH4, acetylene, ammonia ice, 
and water ice-oxygen chemistry. An ammonia-water ice composition that would 
have a lower melting point than pure water has been proposed to explain the young 
geology on Enceladus (Stevenson, 1982; SquyresetaZ., 1983). UVIS compositional 
data may give us insight into whether endogenic or exogenic processes have been 
responsible for the state of the surfaces of lapetus and Phoebe. Comparison of 
compositional differences from one Saturnian satellite to the next may provide 
additional perspective on the formation of the Saturnian satellite system. 

6.3. Tenuous Atmospheres and Exospheres 

It is known that molecules are being sputtered from the surfaces of the Satur- 
nian satellites from the distribution of neutrals and ions in Saturn’s magnetosphere 
(Shemansky et al., 1993). It is possible that vapor pressure atmospheres of con- 
stituents more volatile than water ice exist. Regardless of how these tenuous at- 
mospheres are produced, they are more properly regarded as exospheres, since the 
atmospheric density is expected to be extremely low. In the following paragraphs 
atmosphere and exosphere are used interchangeably. 

UVIS objectives are to address the following questions: 

(1) Do Saturn’s icy satellites possess extremely tenuous atmospheres due to sput- 
tering or seasonal sublimation? 
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(2) What is the composition of these atmospheres? Can we identify trace con- 
stituents in their vapor phase, which would support the hypothesis that the 
satellites’ water ice surfaces contain some amount of methane clathrates or 
NH 3 hydrate? 

(3) Do we see any evidence of seasonal volatile transport? Can we detect and 
measure the flux of escaping atomic H produced hy photolysis and sputtering 
of water ice? 

(4) Can we identify (on Enceladus, in particular) evidence for transient or localized 
volatiles in the atmosphere associated with eruptive activity such as geysers? 
Are the constituents of these plumes particulate or gas? 

We will employ three different observational techniques to address these ques- 
tions: limh drifts to search for scattered light, stellar occultations to detect atmo- 
spheric absorptions, and integrations on the night sides to see atmospheric emission. 

Given the low surface temperatures of the Saturnian satellites, a vapor pressure 
equilibrium water atmosphere is not to be expected at detectable levels using limh 
drifts. A sputtered water atmosphere may be detectable (see Cheng et al, 1986 
for an excellent description of sputtering- vs. sublimation-produced atmospheres). 
A primary goal is to search for more volatile trace constituents such as NH 3 or 
CH 4 , implicated to exist in Saturnian satellite surface ices, or N 2 , the product of 
photolyzed NH 3 . On Titan, the temperature and pressure of the solar nebula at 
Saturn could have allowed as much as 15% NH 3 or CH 4 to be trapped in water ice 
as hydrates or clathrates during satellite formation (Lunine and Stevenson, 1985; 
Stevenson, 1991). Clathrates would end up primarily near the surface by subsequent 
differentiation of the satellite. Massive Titan, with its substantial gravity relative 
to the icy satellites, is able to retain its volatiles as a substantial atmosphere. With 
the same source surface ices but the much lower gravitational fields of the icy 
satellites, we may find very much thinner atmospheres. Rough use of Raoult’s law 
predicts that N 2 produced by photolysis of NH 3 will be easily detectable by UVIS 
at the surface ice temperatures of the Saturnian satellites, with CH 4 almost as easily 
detectable. 

Stellar occultations provide a powerful technique for the study of planetary 
atmospheres (e.g.. Smith and Hunten, 1990). The Voyager UVS was able to place 
an upper limit on the surface pressure of a hypothetical Ganymede atmosphere of 
10^" bar by observing the occultation of Kappa Centauri, a moderately bright UV 
star (Broadfoot et al., 1979) and assuming that a 10% extinction of the starlight 
would have been detectable by UVS. With the higher sensitivity of the Cassini 
UVIS instrument, and given adequate stellar occultation opportunities (i.e., star 
type, brightness), UVIS will be able to do at least as well at the Saturnian satellites. 

The signature of oxygen emission excited by electron impact has been detected at 
Europa (Hall etal., 1995) at 130.4 and 135.6 nm. Since we expect similar processes 
of photolysis and radiolysis of ice to produce O and O 2 on Saturn’s other satellites, 
we will search their night sides for this airglow. 
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7. Deuterium in the Saturn System 

7.1. Scientific Background: The Significance of D/H in the Solar 
System 

Most (perhaps all) of the deuterium in the universe was produced shortly after 
the hig hang, when temperatures were high enough to allow its formation. As deu- 
terium finds its way into stars, it is destroyed in the second step of the proton-proton 
chain (^H -|- JH ^ 2 ^e -|- y). This process, called astration, depletes the universe 
of deuterium as it cycles its way through star formation, astration, and interstellar 
injection. As a consequence, the ratio of deuterium to hydrogen in the interstellar 
medium (ISM) has been decreasing since the universe began and currently has a 
value of 2 X 10^^ (McCullough, 1992). The mass difference between the two atoms 
causes different vibrational and rotational energies in H 2 and D 2 molecules, differ- 
ent diffusion rates, different thermodynamic characteristics, and slightly different 
electronic energies. For these reasons, the measurement and interpretation of these 
isotopic effects yield important clues to understanding the processes involved in 
the formation and evolution of the planets. 

Measurements of the deuterium-to-hydrogen ratio (D/H) in the solar system 
reveal two distinct reservoirs of deuterium, both of which are believed to predate 
the solar system itself (Owen et al., 1986). The first reservoir is deuterium enriched 
relative to the second and includes the Earth, Mars, Uranus, Neptune, Titan, and 
cometary material. The second reservoir consists of Jupiter, Saturn, and the Sun. 
The general explanation for the differences in D/H between these two reservoirs 
lies in the theory of their formation (Owen, 1994). During the formation of the solar 
system, the cold, deuterium-enriched (D/H ~ 2 x 10“"^) molecular clouds (Geiss 
and Reeves , 1 9 8 1 ) in the interstellar medium accreted to form the cores of the planets 
and other solid bodies. These icy /rocky cores outgassed deuterium (generally in the 
form of deuterated methane) in a process that preserved the deuterium enrichment 
(Owen, 1994). 

The D/H ratio of the second reservoir (Jupiter, Saturn, and the Sun, 
D/H ~ 2 X 10 ^) closely matches that of the interstellar medium and the solar 
nebula (Owen, 1994). If the cores of the accreting material became large enough, 
they captured gas from the solar nebula and assumed the corresponding D/H ratio. 
Because Jupiter and Saturn have a low ratio of core mass to total mass (around 0.03 
to 0.06 for Jupiter and 0.11 to 0.22 for Saturn (Owen, 1994)), they are believed 
to be primarily derived from the main reservoir of gas in the proto-solar nebula. 
Measurements of Jovian and Saturnian D/H support this theory. 

To date, measurements of D/H in the atmospheres of the outer planets have 
been made by measuring deuterated molecules from Earth-based telescopes and by 
direct measurements of Jupiter by the Galileo probe mass spectrometer (Mahaffy 
et al., 1998) (Table V). A comparison of Saturn hydrogen Lyman-a intensities 
from Voyager 1 and 2 with lUE measurements on nearly the same dates show a 
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TABLE V 

D/H values and measurement techniques. The majority of these methods utilize deuterated molecules 
for the D/H measurement. 



Location 


D/H value 


Method 


Spectral range 


Reference 


Solar wind 


2 X 10“^ 


He5 


in situ (solar wind) 


a 


Earth 


1.6 X 10“4 


Standard mean 


in situ 


b 


Interstellar 


2 X 10“^ 


ocean water (SMOW) 
Absorption of stellar D and H 


1216 A 


c 


medium (ISM) 
Interstellar 


>10-4 


Ly-a lines in the ISM 
HCO+, HCN, H 2 O 


Thermal radio 


b 


clouds 

Meteorites 


1.6 X 10-4 


Hydrated silicates 


emission 
in situ 


b 


Venus 


2 X 10-2 


and organic material 
Pioneer Venus 


in situ 


d 


Mars 


9 X 10-4 


LNMS HDO 
HDO 


2.3 ftm 
3.7 ftm 


e 

f 


lupiter 


2 X 10-^ 


CH 3 D 


1.55-1.95 /rm 


g, h, n , r, s 


Saturn 


2 X 10-5 


HD, Galileo probe 
CH 3 D, HD 


6063.88 A, 

56 /am, in situ 
1.55-1.95 /rm 


i, n, 0 


Uranus 


9 X 10-5 


CH 3 D 


56 fj.m 
1.55-1.95 /am 


j. U 


Neptune 


5.5 X 10-5 
1.2 X 10-4 


HD 

CH 3 D 


56 /am 
1.55-1.95 fim 


k, u 


Titan 


6.5 X 10-5 

1.6 X 10-4 


HD 

CH 3 D 


56 /am 
1.55-1.95 /im 


1, P, q, t 


Halley 


1 X 10-4 

2 X 10-4 


HDO (Giotto NMS) 


8.7 /im 
in situ 


m 



Note, (a) Geiss and Reeves, 1972, (h) Geiss and Reeves, 1981, (c) McCullough, 1992, (d) Donahue 
et al., 1982, (e) de Bergh et ai, 1991, (f) Owen et al, 1988, (g) Beer and Taylor, 1978, (h) Smith 
et al., 1989, (i) Fink and Larson, 1978, (j) de Bergh, et al., 1986, (k) de Bergh, et al., 1990, (1) de 
Bergh et al., 1988, (m) Eherhardt, et al., 1987, (n) Encrenaz et al., 1999, (o) Griffin et al., 1996, (p) 
Orton, 1992, (q) Coustenis et al., 2000, (r) Mahaffy et al., 1998, (s) Lellouch et al., 1997, (t) Taylor 
and Coustenis, 1998, (u) Feuchtgruber et al., 1999. 



descrepancy of a factor of 2 (McGrath and Clarke, 1992). They note that this dis- 
crepancy may he due to an incorrect value for the interplanetary hydrogen density. 
These discrepancies, along with the limited Huhhle Space Telescope (HST) time 
dedicated to Saturn in the UV, make the observations of D/H at Saturn and Titan 
an important goal for the Cassini UVIS. 

The first observations of the D/H ratio of Titan showed values considerably 
higher than those of Saturn (Table VI). Immediately, the question arose how 
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TABLE VI 

Measured and corrected D/H for Titan 





de Bergh et al. (1986) 


Coustenis et al. (1989) 


Orton (1992) 


Observed D/H [10 


11.1 < D/H < 32.6 


10.0 < D/H < 30.0 


5.50 < D/H < 10.0 


Corrected D/H [10“^J 


4.0 < D/H < 19.5 


3.2 < D/H < 18.7 


2.5 < D/H < 5.9 



the enrichment in the moon’s atmosphere relative to that of Saturn itself could 
he explained. The early values were close to the SMOW value of 1.56 x 10“^ 
(Hagemann et al., 1970). A popular scenario was to form the atmosphere of Titan 
and the earth hy in-falling comets (Zahnle and Dones, 1992; Griffith and Zahnle, 
1995; Owen and Bar-Nun, 1995, 1996). The most recent determination of the D/H 
ratio (relating to H 2 O) of comet Halley (Eherhardt and Krankowsky, 1995) and the 
observations of comets Hyakutake (Bocklee-Morvan et al., 1998) and Hale-Bopp 
(Meier et ah, 1998) yield consistent D/H ratios around 30 x 10^^, well above 
the SMOW value. Cometary ices could have contributed to the atmosphere, but 
obviously neither the earth’s ocean nor Titan’s atmosphere reflect the deuterium 
enrichment of the cometary icy grains. 

Values were derived from ground-based, near-IR observation (de Bergh et al., 
1986) of the deuterated methane from the Voyager spacecraft (Coustenis et al., 
1989) and by observations in the middle (thermal) infrared (see Orton, 1992). Pinto 
etal. ( 1986) calculated the enrichment factor over the lifetime of Titan to be between 
1.7 and 2.2. Titan’s history and formation are quite different from that of the giant 
planets. Titan was formed from the ices of the early Saturnian nebula. It could 
not retain molecular hydrogen, and fractionation by atmospheric-loss processes is 
strong. 

It is interesting to note that the most precise determination of the original D/H 
ratio agrees within the error margin with the proto-solar value, and it cannot be 
ruled out that there is no (or very little) deuterium enrichment in Titan. It is obvious 
that a precise determination of the D/H ratio is of high interest and could be a major 
clue to the formation and history of Titan and of the whole Saturnian system. 



7.2. HDAC Usage at Titan 

There are two methods for probing the Titan deuterium and hydrogen line profiles 
during a Titan flyby: (1) modulating the cell optical depth when Titan fills the 
HDAC field of view, and (2) measuring the HDAC count rate during the Doppler 
shifts caused by the relative motion between the Cassini orbiter and Titan. During 
a Titan flyby, the spacecraft Doppler velocity shifts the Lyman-a lines through the 
absorption profile of the cell. This Doppler effect allows the HDAC to probe the line 
in wavelength (while simultaneously probing it at different optical depth settings) 
as the spacecraft flies by Titan. Flybys with the furthest flyby altitudes (less than 
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90,000 km, the point at which Titan begins to fill the HD AC field of view), are best 
for HDAC observations because these flybys allow the spacecraft to spend more 
time near 0 km/s Doppler velocity (where the HDAC absorbs most efficiently). 

7.3. LYMAN-a Observations at Saturn 

All measurements of HDAC include observations of the normal atomic hydrogen, 
either in photometer mode where the total brightness is registered, or with the 
absorption switched on when the Lyman-a emission line profile is scanned. Both 
the variation of the optical depth within the cell or the change in radial velocity 
component relative to the emitting atoms (or a combination of both methods) will 
yield information on the emission-line profiles and hence on the temperature and 
velocity distribution of the hydrogen atoms in the Saturn upper atmosphere. 



7.4. Interplanetary/Interstellar Hydrogen 

The solar system is moving through interstellar gas at about 20 km s^' , and neutral 
hydrogen sweeps through the planetary system as interstellar wind. The sun ionizes 
hydrogen atoms by its EUV radiation and by charge-exchange with the solar wind. 
The solar emission in the resonance line at Lyman-a exerts a strong radiation pres- 
sure force that approximately balances solar gravity. The flow of hydrogen atoms 
causes an asymmetry of the (interstellar) hydrogen atom density and distribution 
in the inner planetary system. Lyman-a observations show that the strongest con- 
tributions upstream come from a distance of about 5 AU, while downstream the 
cavity extends to about 20 AU. The variation of solar-wind flux and speed with 
heliocentric latitude studied in detail by SOHO (Bertaux et al., 1997) leads to de- 
viation from the cylinder symmetry. These effects can be most easily observed at 
a distance of about 10 AU, the heliocentric distance of Saturn (Lallement et al., 
1995). 

The density and velocity distribution (temperature) of interstellar hydrogen are 
influenced by the interaction with the Sun and its radiation. The solar wind expands 
into the interstellar plasma until its pressure is balanced by the plasma pressure 
and interstellar magnetic field defining the heliospheric boundary at around 200 
AU. When the interstellar protons try to cross this boundary, they are slowed down, 
compressed in their density, and heated at the same time (Wallis and Ong, 1975). 
These processes influence the velocity and density distribution of the hydrogen 
atoms passing through the inner solar system. 

Observations of interplanetary Lyman-a emission have two goals: (1) to de- 
termine the physical parameters of the interstellar hydrogen, such as its density, 
flow velocity, and temperature, and (2) to learn about the properties of the solar 
wind, such as its latitudinal dependence of its flux and speed, as well as its LUV 
emission. Llaborate models of the interaction predict the brightness distribution 
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of interplanetary Lyman-a as a function of the looking direction and position of 
the observer. A multitude of parameters and their variation with solar cycle can he 
derived if the observational set is extensive enough. A recent example is provided 
by the UV spectrometer onboard the Galileo spacecraft (Ajello et al., 1994). 

The HDAC can take advantage of a common spacecraft mode in which the 
Cassini spacecraft slowly rotates during cruise and at Saturn during periods when 
data are transmitted to earth. These observations will map the Lyman-a brightness 
consistently over many years. In addition, the absorption of the hydrogen cell can 
be used to scan through the emission-line profile whenever the radial velocity 
component of the atoms along the line of sight relative to the Cassini spacecraft is 
near zero. 

7.5. Summary 

Information about the D/H and hydrogen line shapes will be extracted from a col- 
lection of HDAC count rates at the various optical depths, Doppler velocities, and 
viewing geometries. These results will provide a comparison to the infrared mea- 
surements from ISO and SIRTF for Titan, a key piece of information for theories 
of the origin and evolution of the Saturn system, the Saturn Lyman-a line shape, 
and the emissions from the local interstellar medium. Long-term observations and 
appropriate modeling will allow us to determine the Lyman-a background signal 
with good accuracy. This is essential in order to measure the foreground contri- 
butions of features within the Saturnian system (e.g.. Titan’s exosphere and torus) 
with confidence. 



8. UVIS Ring Observations 

Planetary rings, which just two decades ago were thought unique to the planet 
Saturn, have now been observed around all the giant planets (for a recent re- 
view, see Esposito, 1993). These rings are composed of many particles with a 
broad range in size. The observed rings systems are quite diverse. Jupiter’s ring 
is optically thin and composed of dustlike small particles (Showalter et al., 1987). 
Saturn’s rings are broad, bright, and opaque (Cuzzi et al., 1984; Esposito et al., 
1984). Uranus has narrow, dark rings among broad lanes of dust that are invis- 
ible from Earth (French et al., 1991; Esposito et al., 1991). Neptune’s rings in- 
clude incomplete arcs restricted to a small range of the circumference (Porco et 
al., 1995). All rings lie predominantly within their planet’s Roche limit, where 
tidal forces would destroy a self-gravitating body (Nicholson and Dones, 1991). 
They are also within the planet’s magnetosphere, and in the case of Uranus, they 
are within the upper reaches of the planetary atmosphere. Saturn’s rings are the 
largest of any planet’s, and show all the diverse phenomena seen in other ring 
systems. 
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8.1. Voyager Results and Cassini Capabilities 

Voyager 1 and 2 made the closest investigations of Saturn’s rings in 1980 and 1981. 
These missions provided images, spectra, and radio and stellar occultations as well 
as information on the ring environment. Reviews are provided hy Cuzzi etal. (1984) 
and Esposito et al. (1984). The radio occultation, stellar occultation, and sequences 
of images each provided complete radial coverage of the ring system (Figure 25). 
Conversely, the azimuthal coverage is more sketchy. As to temporal coverage, the 
data encompass only a few weeks around each encounter, with the best resolution 
data for each from a period of less than a day. The images are all from the Voyager 
Reticon cameras: the spectral sensitivity of their silicon detectors explains why we 
have no pictures in the UV or IR. This information is now supplemented hy data 
from the ground, HST, and lUE, which all lack the radial, azimuthal, and temporal 
resolution provided briefly by the spacecraft encounters. A new data set from the 
spectacular 1995 ring-plane crossing (see Nicholson et al., 1996; Showalter, 1997) 
provides information on the more transparent rings. The thickest parts of Saturn’s 
rings were not penetrated by either the radio or stellar occultations. 

The Cassini mission provides the opportunity to measure the rings at high res- 
olution in the radial, azimuthal, and vertical dimensions over a period of 4 years. 
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Figure 25. Saturn’s rings from the Voyager 2 PPS 8 Scorpii stellar occultation showing ring radial 
structure (Esposito et al, 1983a). 



352 



L. W. ESPOSITO ET AL. 



Observations of the ring environment, magnetosphere, and small nearby satellites 
will determine the interactions of the various parts of the Saturn system with its 
rings. The UVIS experiment has the capability for imaging, spectroscopy, and high 
speed photometry that can contribute to these scientific objectives. 

8.2. Ring Structure 

Figure 26 shows observations of density waves in Saturn’s rings from the Voy- 
ager PPS occultation (Esposito et al., 1983a,b). These features are but one of 
a number of dynamic phenomena evident in the ring radial profile. The UVIS 
High Speed Photometer (HSP) channel has been optimized to follow up on 
the Voyager investigations. The HSP field of view is 6 mrad x 6 mrad, large 
enough that no brightness modulations are expected from pointing variations. 
The Csl photocathode is essentially solar-blind, allowing high signal-to-noise 
occultations of both sunlit and shadowed rings. The HSP is bore-sighted with 
the spectroscopic channels, allowing concurrent spectroscopy of the transmitted 
starlight from 91 to 190 nm. Simultaneously, we can obtain a long slit image 
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Figure 26. Density waves seen in the PPS occultation (Esposito etal.,1 983b). Compare the resolution 
with Figure 25. 
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of the occultation point up to a distance ±30 mrad, allowing the observation 
of diffracted light in the stellar aureole. The time resolution of 2 ms can give 
spatial resolution of 20 m or better on the rings, comparable to the diffraction 
limit. 

The large mirror and amplifiers in the HSP allow very high counting rates. We 
expect 2000 counts in 2 ms for the occultation star S Sco. This compares to the 
Voyager PPS observation of 8 Sco of 39 counts every 10 ms (Esposito et al., 
1983a). Thus the Cassini UVIS HSP can probe structures five times narrower fhan 
Voyager, wifh 50 fimes fhe signal in each infegrafion period. This high sensifivify 
and resolufion will be used to probe wakes, waves, and ring edges. 

Occulfafion fracks af mulfiple ring longifudes will likely reveal azimufhal asym- 
mefries in fhe rings, as was seen by fhe Voyager PPS af Uranus (Colwell et al., 
1990) and ground-based sfellar occulfafion observations of Nepfune’s rings (Elliof 
et al., 1985; Covaulf et al., 1986; Erench et al., 1993). These asymmefries may 
provide clues fo fhe origin of fhe ring feafures and imply fhe presence of nearby 
perfurbing safellifes. These dafa will be used fo consfrain physical models of fheir 
origin and evolution. 

Radial optical depfh profiles will be generafed from sfellar occulfafion measure- 
menfs (Colwell and Esposifo, 1990a,b). Accurafe absolufe deferminafions of fhe 
locafions of edges, gaps, and wave feafures in fhe dafa will allow fhe idenfificafion 
of new ring-safellife resonances, and quife possibly fhe indirecf defection of new, 
small safellifes wifhin fhe ring system (e.g., Horn et al., 1990). Such safellifes are 
linked fo fhe evolution and fhe origin of fhe rings. Their number and disfribufion 
wifhin fhe rings will help consfrain fheories of ring origin (Colwell, 1994; Sicardy 
and Lissauer, 1992). 

During HSP observations of sfellar occulfafions, fhe UVIS Par Ulfraviolef chan- 
nel (PUV) will measure ring background brighfness. These measuremenfs will 
also provide information on fhe size disfribufion of small (micromefer-sized) dusf 
particles in fhe rings during occulfafions by fhe shadowed rings. Dusf in Safurn’s 
rings will produce a diffraction aureole defecfable by fhe PUV channel of UVIS. 
This diffracfion signafure is sensifive fo fhe characferisfic dusf parficle size. Size 
disfribufions based on differenf physical models of fhe creation, transport, and de- 
struction of dust will be tested against the observations. The abundance, size, and 
distribution of dust in the rings are useful diagnostics for the size distribution, ve- 
locity distribution, and surface properties of the larger ring particles, which act 
as sources and sinks of dust in the rings (Colwell and Esposito, 1990a,b). Data 
on these larger particles will be obtained from stellar occultations and combining 
UVIS reflectance data with images from the Cassini Imaging Science Subsys- 
tem (ISS) and Visual and Infrared Mapping Spectrometer (VIMS). The PUV data 
will also be used to determine the magnitude of the ring background signal to be 
removed from the HSP occultation data. Pigures 27 and 28 show the multitude 
of available opportunities and the progress of a stellar occultation from Cassini 
tour T1 8-5. 
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Thu Sep 18 13:38:19 1997 




Figure 27. Numerous ring stellar occultation opportunities are shown with CASPER (Cassini Se- 
quence Planner) software in this near-polar view of Saturn and its ring system. Plus symbols indicate 
stars; larger symbols are brighter stars. The stippled region indicates Saturn’s shadow. The sub- 
spacecraft point is indicated by a cross on the planet. 



8.3. UVIS Images 

During remote-sensing ring observations, UVIS will slew its slit to make im- 
ages of the rings. At a range of 10^ km, the UVIS resolution of 1 mrad gives 
a picture element of 1000 km width. Typical images will be 64 elements tall 
(along the slit), with the image width determined by the total slew duration. 
Because UVIS has the shortest wavelength of any of the remote sensing instru- 
ments, it will be more sensitive to the smallest particles in the rings, with sizes 
as small as 0.01 to 0.1/x. The images at different UV wavelengths can be com- 
pared to camera images to determine the dust contribution and extend the size 
distribution. The ring ‘spokes’ are one natural target. By combining the UV ob- 
servations with CIRS spectra, ISS, VIMS images, and radio occultations, the 
size distribution of the ring particles can be measured from submicron to meter 



sizes. 
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Figure 28. The star Cen is occulted by the shadowed rings of Saturn. The FUV occultation slit 
and the HSP aperture are shown around the star. 



8.4. Ring Composition 

The reflectance spectrum of Saturn’s rings from lUE and Voyager clearly shows 
the water absorption edge at 1650 A. We will map the depth and wavelength of 
this feature across the rings to determine compositional and age variations. At 
wavelengths of 1800 to 2000 A, water ice is transparent, and the non-icy ring 
component may be studied. 

During systematic spectroscopy of the Saturn system, UVIS will map the 
emissions from neutral hydrogen (1216 A) and oxygen (1304 A and 1356 
A). Emissions near the rings will define the ring atmosphere (Broadfoot 
et al, 1981; Hall, 1996) and the interactions of the ring with its local en- 
vironment. This will constrain the long-term evolution of the ring particles. 
UVIS will also measure remotely a number of magnetospheric constituents 
(particularly H, O, N, and D) that will define the broader ring-magnetosphere 
interactions. 
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8.5. Ring History 

The UVIS and the other remote-sensing and in situ Cassini experiments will provide 
a rich data set on the current state of the rings and their present interactions with 
other parts of the Saturn system. 

A comprehensive model of the origin and large-scale evolution of Saturn’s 
rings will he developed based on the ensemble of Cassini observations at Saturn. 
Crater statistics on the larger satellites and the anticipated discovery of smaller 
ring moons will allow development of an accurate model of the time-dependent 
interplanetary impacting flux at intermediate and large sizes. This flux, when 
combined with theoretical and experimental results on catastrophic fragmentation, 
drives the global evolution of the ring system. Disruption of satellites or ‘rubble 
piles’ creates new ring particles. These then undergo orbital evolution, influenced 
by gravitational perturbations from other satellites, and partial accretion (Canup 
and Esposito, 1995). Dust is produced within the ring from interparticle collisions 
and micrometeoroid bombardment. These processes can be combined into a single 
global Markov chain simulation of the ring system (Colwell and Esposito, 1993) 
for time scales of the age of the solar system. Monte Carlo simulations can be 
conducted using the same transition probabilities in order to create simulated 
histories of the rings system for direct comparison with Cassini observations. 

Variations of the abundance of dust between different ring features will provide 
additional information on ring particle characteristics, including collision veloci- 
ties and regolith properties. Dynamically active regions may exhibit different dust 
abundances than quiescent regions in the rings. Eeatures such as arcs, kinks, braids, 
and other azimuthal asymmetries may indicate a mode of origin from satellite dis- 
ruption or complex gravitational interactions with nearby satellites. The distribution 
of small moons, their resonances, and density waves and gaps within the rings will 
be used to characterize the large-scale transport of angular momentum through the 
system for use in global evolution models of the rings. 

8.6. Summary 

The UVIS ring studies will provide (1) a comprehensive study of features in 
Saturn’s rings, including their dynamical links to embedded satellites, (2) a 
determination of the abundance and size distribution of dust within the rings as 
a function of location within the rings, (3) modeling of ring processes and system 
interactions at short time scales, and (8) models of the global evolution of the rings 
over the age of the solar system. 



9. Conclusions 

The UVIS investigation aboard the Cassini orbiter will provide key new information 
on the chemistry of the Titan and Saturn atmospheres; their clouds and aerosols; 
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exospheres, thermospheres, and magnetospheres in the Saturn system; satellite 
surfaces and atmospheres; Titan’s atomic D/H ratio; and the physics and history 
of rings. These results are enabled hy the spectroscopic and imaging capabilities 
of UVIS, the long-time coverage allowed by the Cassini orbit, stellar and solar 
occultations, multiple phase angles, close-up maps, limb scans, and synergistic 
investigations with other Cassini experiments. 
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Abstract. The Cassini Imaging Science Subsystem (ISS) is the highest-resolution two-dimensional 
imaging device on the Cassini Orbiter and has been designed for investigations of the bodies and 
phenomena found within the Saturnian planetary system. It consists of two framing cameras: a narrow 
angle, reflecting telescope with a 2-m focal length and a square field of view (FOV) 0.35° across, and 
a wide-angle refractor with a 0.2-m focal length and a FOV 3.5° across. At the heart of each camera is 
a charged coupled device (CCD) detector consisting of a 1024 square array of pixels, each 12 /r on a 
side. The data system allows many options for data collection, including choices for on-chip summing, 
rapid imaging and data compression. Each camera is outfitted with a large number of spectral filters 
which, taken together, span the electromagnetic spectrum from 200 to 1100 nm. These were chosen 
to address a multitude of Saturn-system scientific objectives: sounding the three-dimensional cloud 
structure and meteorology of the Saturn and Titan atmospheres, capturing lightning on both bodies, 
imaging the surfaces of Saturn’s many icy satellites, determining the structure of its enormous ring 
system, searching for previously undiscovered Saturnian moons (within and exterior to the rings), 
peering through the hazy Titan atmosphere to its yet-unexplored surface, and in general searching 
for temporal variability throughout the system on a variety of time scales. The ISS is also the optical 
navigation instrument for the Cassini mission. We describe here the capabilities and characteristics of 
the Cassini ISS, determined from both ground calibration data and in-flight data taken during cruise, 
and the Satum-system investigations that will be conducted with it. At the time of writing, Cassini is 
approaching Saturn and the images returned to Earth thus far are both breathtaking and promising. 

Keywords: Cassini, Saturn, Imaging, Rings, Moons 



Space Science Reviews 115: 363-497, 2004. 

© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 



364 



C. C. PORCO ET AL. 



1. Introduction 

On October 15, 1997, the Cassini spacecraft was launched to the planet Saturn 
from Cape Canaveral Launch Pad 40. When it reaches and begins orbiting Sat- 
urn on July 1, 2004, UTC it will become, at 10 AU from the Sun, the farthest 
robotic orbiter that humankind has ever established in the solar system. The nom- 
inal mission duration of 4 years and the variable orbit design will allow an un- 
precedented exploration of the Saturn system tour over an extended period from 
a variety of illumination and viewing geometries. Saturn’s atmosphere, rings, icy 
satellites. Titan, and their mutual interactions will all be monitored for temporal 
changes in a way not previously possible during the Pioneer and Voyager flyby 
missions. 

The Cassini Imaging Science Subsystem (ISS), the most sophisticated, highest- 
resolution two-dimensional imaging device ever carried into the outer solar system, 
has been specifically designed to image bodies in the Saturn system. In its photomet- 
ric sensitivity, linearity and dynamic range, its spectral range and filter complement, 
resolving power and variety of data collection and compression modes, it repre- 
sents a significant advance over its predecessor carried on Voyager, as demonstrated 
by the images obtained during the Cassini Jupiter flyby (Porco et al., 2003). As 
on other Saturn-bound spacecraft, the ISS is also the instrument used for optical 
navigation of the spacecraft. 

The cruise to Saturn entailed gravity assist flybys of Venus (one in 1998 and 
another in 1999), Earth (1999) and Jupiter (2000/2001), and a relatively close (1.5 
million km) serendipitous flyby of the asteroid Masursky (2000). Aside from the 
usual periodic in-flight instrument checkouts during which images were collected 
of stars (Spica, Fomalhaut, Pleiades) for spectral and geometric calibration and 
for assessing instrument performance, the ISS acquired imaging data only during 
the Earth, Masursky, and Jupiter flybys. Earth flyby provided the first opportunity 
to take scientific data on planetary targets - in that case, the Moon - as well 
as to test in flight the stray light rejection capabilities of the ISS instrument by 
imaging very near the limb of the Moon. The Masursky flyby saw the first use 
of the autonomous target-tracking capability of the Cassini spacecraft, and the 
promise of future success in steady imaging during periods of rapidly changing 
geometry during the Cassini orbital tour. Finally, the Jupiter flyby was the first 
attempt to operate the spacecraft as it would he used at Saturn, using simple pointing 
mosaics and modules, data management in the solid-state recorder (SSR), etc., 
and indicated (as have subsequent observations) accurate absolute and relative 
pointing and a steady spacecraft. These results, as well as images collected on 
approach to Saturn in early 2004 (Figures 1 and 2), open up the exciting possibility 
of extremely high-quality, sharp, high signal-to-noise (S/N) images of all Saturn 
targets, bright and dark, and promise the opening of a new era in outer planet 
studies. 
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Figure 1. Saturn and its rings completely fill the field of view of Cassini’s narrow-angle camera in 
this natural color image taken on March 27, 2004. This was the last single ‘eyeful’ of Saturn and its 
rings achievable with the narrow-angle camera on approach to the planet. The image shown here is 
a composite of three exposures in red, green, and blue, taken when the spacecraft was 47.7 million 
km (29.7 million miles) from the planet. The image scale is 286 km (178 miles) per pixel. Color 
variations between atmospheric bands and features in the southern hemisphere of the planet, as well 
as subtle color differences across Saturn’s middle B ring, are evident. 



In this article, we describe the scientific investigations that the Cassini Imaging 
Team (Table I) intends to conduct at Saturn (Section 2), and the characteristics 
of the Cassini Imaging Science Subsystem that make these investigations possible 
(Section 3). We also present the results of the instrument calibrations that have been 
performed thus far using both ground calibration data taken before launch and data 
taken in flight. 
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Figure 2. Two narrow-angle camera Titan images, each 38 s exposure, taken 4 days apart in mid- 
April, 2004, through the CB3 (938 nm) filter at an image scale of ~230 km/pixel. The images have 
been magnified and smoothly interpolated by a factor of ten from the original images. Large-scale 
variations in brightness across the disk are real and can be correlated with features seen by Earth-based 
observers. The bottom images are the same two Titan images above, overlain with a Western longitude 
coordinate grid. The bright feature between —30° latitude and the equator, and extending from ~60 
to 120° West longitude is Xanadu, the brightest feature on Titan. 



2. Anticipated Imaging Science Investigations at Saturn 

In this section, we describe the major outstanding questions concerning Saturn and 
its rings and moons that will be addressed by the Imaging Science experiment over 
the course of Cassini’s multi-year orbital tour. In brief, the Cassini 4- year tour calls 
for: 



• repeated synoptic imaging of the planet and rings and Titan on approach to 
Saturn; 

• a very close flyby of Phoebe on approach on June 1 1, 2004; 

• extremely high-resolution imaging of the rings during the Saturn Orbit Inser- 
tion (SOI) maneuver when the spacecraft is skimming over the rings by only 
several tens of thousands of kilometers; 
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• forty-five (45) close ‘targeted’ flybys of Titan (40 of which approach 
within 2500 km of the surface, and 24 of these within 1000 km of the 
surface); 

• very close ‘targeted’ flybys of Enceladus (4) (Figure 3), Dione, Rhea, lapetus, 
and Hyperion, all approaching within ~1500 km of the surface; 

• thirty-one (31) non- targeted but still close (within 100,000 km of the surface) 
flybys of lapetus and the five major icy satellites Mimas, Enceladus, Tethys, 
Dione and Rhea; 

• three (3) extended periods of inclined and low-periapse orbits (May-August 
2005, September 2006-June 2007, and December 2007-June 2008) for high- 
resolution, high-latitude ring and Saturn observing; 

• a dozen orbits with sufficiently distant apoapses to permit atmospheric movie 
making. 

Imaging sequences planned for the nominal 4-year tour call for the acquisition of 
hundreds of thousands of images of known Saturn targets, as well as sequences 
designed to search for new satellites and faint ring material. Imaging scales on the 
targeted satellites will be as small as a few tens of meters/pixels; on the rings and 
atmosphere, ~ 1 km/pixel. In comparison, the best Voyager resolution obtained on 
the Saturnian satellites was ~2 km/pixel; on the rings and atmosphere, ~4 km/pixel. 
The sophisticated capabilities of the ISS, together with Cassini’s upcoming variable 
and extended tour of the Saturn system, portend dramatic advances in our knowledge 
of this rich planetary system from the investigations described herein. 
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Figure 3. Example imaging sequence during part of an early 2005 close targetted flyby of Enceladus. 
Upper image shows the sequence of some frames at a range of about 29,000 km. Lower shows frames 
at about 9000 km range. Small boxes are narrow-angle images; large box in bottom example is the 
wide-angle field of view. Features mapped by Voyager are shown; white areas were not adequately 
imaged hy Voyager. Best Voyager image is in Figure 7. 
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2.1. Saturn’s Icy Satellites 

The Saturn satellite system, like that of the other giant planets, has several distinct 
components. The most distant outer population extends from 10 to 20 million km 
(out to the dynamical limit known as the ‘Hill’s sphere’), and is growing rapidly 
in number owing to successful ongoing ground-hased telescopic searches for new 
Saturnian moons (Gladman et ah, 2001). At last count, this group contains 14 
satellites, including Phoehe at a semi-major axis of 12.9 million km; none are 
helieved to he higger than ~20 km across (except Phoehe at ~220 km diameter), 
and about half (including Phoebe) are on retrograde orbits. With the exception of 
the close Phoebe flyby on approach to Saturn, no Cassini observations of this group 
of objects have been planned. 

The inner population is a collection of bodies, from ring-embedded Pan at 
~20 km across to Mercury-sized Titan (Table II). It is arguably the most complex 



TABLE It 

Saturnian satellite characteristics. 



Satellite 


a (x 10^ 
km) 


Period 

(days) 


Axes (km) 


Radius 

(km) 


Density 
(g cm-3) 


References 


Pan 


133.59 


0.5751 








10 




1 


Atlas 


137.64 


0.6019 


18 




13 


16 ±4 




2 


Prometheus 


1 139.35 


0.6129 


70 


50 


37 


51 ±7 




2 


Pandora 


141.70 


0.6288 


55 


43 


32 


42 ± 5 




2 


Epimetheus 


1 151.42 


0.6946 


70.2 


54.1 


51.9 


58.2 ±3 


0.63 ±0.11 


3 


Janus 


151.42 


0.6946 


101.5 


94.9 


76.8 


90.5 ± 3 


0.65 ± 0.08 


3 


Mimas 


185.52 


0.9424 


209.1 


195.8 


192.2 


198.9 ±0.5 


1.12 ±0.03 


5,4 


Enceladus 


238.02 


1.3702 


256.3 


247.3 


244.6 


249.4 ± 0.3 


1.00 ±0.03 


4 


Tethys 


294.66 


1.8878 


535.6 


528.2 


525.8 


529.8 ± 1.5 


0.98 ± 0.02 


5 


Calypso 


294.66 


1.8878 


15 


12 


7 


11 ± 3 




2 


Telesto 


294.66 


1.8878 


- 


12 


11 


12 ± 3 




2 


Dione 


377.40 


2.7369 








559 ±5 


1.49 ±0.05 


6, 8 


Helene 


377.40 


2.7369 


17 


- 


14 


16 ± 3 




2 


Rhea 


527.04 


4.5175 








764 ±4 


1.24 ±0.04 


7,9 


Titan 


1221.85 


15.9454 








2575 ± 2 


1.88 ± 0.01 


10 


Hyperion 


1481.1 


21.2766 


164 


130 


107 


133 ±8 




11 


lapetus 


3561.3 


79.3302 








718 ± 8 


1.03 ± 0.1 


9 


Phoebe 


12952. 


550.48R 


115 


110 


105 


110± 3 




2 



1: Showalter (1991); 2: Thomas et al. (1983); 3: Nicholson et al. (1992); 4: Dermott and Thomas 
(1994); 5: Thomas and Dermott (1991); 6: Davies and Katayama (1983a); 7: Davies and Katayama 
(1983b); 8: Harper and Taylor (1993); 9: Campbell and Anderson (1989); 10: Lindal et al. (1983); 
11: Thomas et al. (1995). 
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collection of satellites in the solar system and exhibits an enormous variety in shape, 
size, planetocentric distance and surface characteristics. It contains 1430 km wide 
lapetus, whose orbit is the most distant at 3.6 million km and somewhat inclined 
(~15 deg) to Saturn’s equator; the small ('^300 km wide) chaotic rotator Hyper- 
ion; haze-enshrouded Titan (5100 km across); the five major icy satellites Rhea, 
Dione, Tethys, Enceladus and Mimas (ranging linearly in size with distance from 
the planet from 1528 km Rhea to 396 km Mimas); the small (20-30 km) Trojans, 
Helene, Telesto and Calypso, of Tethys and Dione; and finally the remaining ‘ring 
region’ satellites Janus and Epimetheus (the ‘co-orbitals’), the E ring shepherds 
Pandora and Prometheus, Atlas orbiting immediately outside the main rings, and 
Pan, ~20 km across and orbiting within the main rings where we expect to find other 
small gap-clearing moons. It is this population that Cassini will investigate in depth. 

The present-day physical, compositional and orbital characteristics of each of 
these bodies result from a combination of original formation conditions and subse- 
quent surface and (possibly) orbit modification by external and internal processes 
operating over geologic time. Consequently, the ISS investigations of these bod- 
ies are focused on developing as complete and accurate a picture as possible of 
the visual properties of each satellite. Most of these inner satellites are tidally 
locked and synchronously rotating with their orbital periods. As a consequence, 
the Voyager spacecraft, each of which spent only a brief period of time in the Sat- 
urn system, imaged only one hemisphere of some of these moons at reasonably 
high (~2 km) resolution. Cassini’s multi-year tour of the Saturn system, which 
includes global imaging of almost all these bodies, will in part be an initial recon- 
naissance of the other ‘half’ of the Saturnian system. Global spectral images at 
Voyager and better resolution, very high, sub-kilometer resolution images of local- 
ized regions, and repeated long distance images over the orbital tour for positional 
measurements are all part of the imaging sequences planned for the inner Saturnian 
satellites. 

The diversity within the Saturnian satellite system, and its placement ten times 
farther from the Sun than that of Jupiter - the only other outer planet satellite system 
for which we have a moderately detailed view - provide an unusual opportunity 
to evaluate and disentangle the contributions of initial conditions and subsequent 
modifications to the satellites’ present day attributes. With Cassini observations 
in hand, fundamental questions will be addressed, such as: How did heliocentric 
distance affect the composition of the original proto-Saturnian nebula materials 
and how did planetocentric distance affect their subsequent incorporation into the 
satellites? What have been the thermal and geologic histories of the Saturnian 
satellites? Which satellites have undergone tidal heating and do any have present- 
day subsurface oceans? How did the flux and chronology of impacts vary across the 
Saturnian system? How did the impactor populations and chronology vary across 
the outer solar system? 

The ultimate goal of all Cassini satellite imaging investigations is to develop a 
more comprehensive view of the origin and evolution of the Saturnian system as 
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a whole, and that of outer giant planet satellite systems in general. Moreover, as a 
collection of bodies, all orbiting in the same plane, in the same direction, around 
the same massive central body, and nearly all formed from the same protoplanetary 
nebula, the inner Saturnian system resembles the assemblage of planets in orbit 
around the Sun. Consequently, the study of the Saturnian satellites will have direct 
impact on our understanding of the processes that were in play during the forma- 
tion and subsequent differentiation and evolution of the planets. The multiplicity of 
satellite phenotypes around Saturn, and their distinctive characteristics when com- 
pared with the satellites of the other giant planets, offer an eagerly awaited chance 
to understand many fundamental aspects of planetary evolution. 

The investigations of Titan, whose surface, and therefore geologic history, re- 
main unknown, may well yield the single greatest scientific advance from the 
Cassini mission. Because the exploration of Titan by Cassini is special, and be- 
cause the ISS has been especially equipped to penetrate the haze that obscured the 
surface to the Voyager cameras, we reserve a separate subsection to describe the 
pressing scientific questions surrounding it and our intended investigations. 

2.1.1. Geomorphology 

Many of the fundamental questions about the composition, origin and evolution 
of the Saturnian satellites can be addressed by global and high-resolution imaging 
of surface morphology. The array of geological and photometric features on each 
satellite surface - such as crater densities, tectonic patterns, and albedo markings 
- tells not only the body’s individual history, but may be used, in concert with 
other information, like mean density, to ascertain the trends across the system in 
composition, the physical conditions at time of formation, and other important 
factors that are relevant to the workings of the system as a whole. 

Most morphological investigations to be addressed by imaging are relevant for 
all satellites. Determination of surface ages from crater density statistics is one 
such investigation, and is best accomplished with imaging at low solar elevation 
angles, where shadows are longest, and at resolutions as high as possible. The 
Galileo experience (Bierhaus et ah, 2001) has shown the usefulness of crater den- 
sity measurements of sub-kilometer craters in revealing the order of geological 
events (stratigraphy) on satellite surfaces and in examining the mechanical proper- 
ties of the substrate, although interpretations may be controversial. Many problems 
of general geologic evolution, such as crater degradation, tectonic faulting, cryovol- 
canism, viscous relaxation, isostatic rebound, and mass movements require accurate 
measurements of topography, including slopes. Slope information can be extracted 
from photometric and stereogrammetric measurements. The relative accuracy and 
utility of stereo imaging depend upon lighting conditions and the convergence an- 
gles and pixel scales of different images. For example, 50-m stereo images taken 
at a convergence angle of 20° (under similar lighting conditions) yield elevation 
accuracies of 13-26 m, depending on image contrast. The rapid flybys and slow 
maneuverability of the Cassini spacecraft require careful planning, use of both WA 
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and NA cameras, and combination of imaging from different satellite flybys to 
maximize higb-resolution stereo data. Additionally, in some areas pbotoclinometry 
- the determination of slopes from the light scattering behavior of a surface whose 
photometric function is known - can be used to map relative topographic patterns. 
Pbotoclinometry can be used to measure slopes at higher spatial resolution with 
poorer control of regional slopes, than can stereogrammetry, so the two techniques 
are best combined (Giese et al, 1996; Kirk et ah, 2003). 

One geological example where critical topographic measurements are required 
is that of the ridged units on Enceladus, which are less than a few kilomaters across 
and a few hundred meters high. Testing hypotheses for the formation of these 
ridges requires relative height determinations of a few tens of meters down to a few 
meters. Imaging resolutions of meter scale are also vital for the geologic mapping 
of ridge characteristics, a lesson learned in detail from Galileo’s imaging of ridges 
on Europa (Eigure 4; Carr et al., 1998; Nimmo et al., 2003). Another critical use 
of accurate local topographic measurements lies in mass wasting studies where 
measures of the filling of craters and other depressions, and the burial of otherwise 
positive relief features, are needed. The surprising findings of significant surface 
filling and erosion on Callisto from Galileo images (Moore et al., 1998) show the 
need for these volume measures with vertical precision of tens of meters. Current 
tour scenarios allow for measurement of vertical displacements on some regions 
of Enceladus, Dione, lapetus, Hyperion, Phoebe and possibly Rhea and Titan to a 
precision of a few tens of meter; areas on Mimas and Tethys may be imaged with 
lower resolution stereo. 

Individual satellites present geological features that appear unique, and high- 
resolution imaging can address the question: what makes them so different? lapetus 
is a prime example. The question of internal/external controls of its large albedo 
asymmetry has significance for both models of icy satellite interiors as well as 
orbital dynamics (Section 2.1.2). One requirement in imaging lapetus is that both 
light and dark areas and the boundary between them be seen at favorable resolution 
and lighting. This requirement is met in the currently planned targeted flyby over 
the boundary. The low flyby speed allows high resolution (<50 m/pixel) over many 
areas within the dark region, over brighter areas nearer the trailing side of lapetus, 
and in several areas near the boundary where stratigraphic relations are sought. 
Planned imaging sequences include stereoscopic data and monoscopic mapping 
at high resolution to determine morphology and topography (as well as color and 
photometric sampling), much of this at much better than 1 km/pixel. 



2. 1.1.1. Geodesy and Cartography. High-resolution imaging is also required 
for the production of geometrically accurate maps. Correct maps are important 
tools for the planning of imaging activities when the objective is to point the camera 
precisely to specific targets. They also form the contextual basis for further geologic, 
geophysical and photometric studies of the satellites. 
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Figure 4. Voyager image of Jupiter’s satellite, Europa, at 2 km/pixel, and two Galileo images at 420 
and 35 m/pixel. The improvement in resolution from hundreds of meters/pixel to tens of meters/pixel 
altered the view of the morphology of Europa’s ‘hands’ from one of crossing linear features to one 
of specific tectonic features of changing morphology, for which a robust chronology and morphology 
have been developed (see Carr et al., 1998). The morphological relations revealed by high resolution 
are those between tectonic forms, and also between tectonics and craters and their ejecta. Image 
prepared by C. Philips, SETT 



The production of such maps begins with laying out networks of “control points”, 
typically small craters, for which the coordinates in the satellite-fixed coordinate 
system must he determined. These are generally determined from large numbers 
of line/sample measurements of the control points in large numbers of images 
by “bundle block adjustment techniques”, a dedicated inversion procedure used in 
photogrammetry (Davies etal., 1998; Zeitler and Oberst, 1998; Oberst and Schuster, 
2004). Solutions of the bundle block adjustment include latitudes, longitudes, radii 
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Figure 5. Spherical harmonics shape model of degree and order 16 for Mars. Parameters of this 
function were determined as the best fits to 3739 three-dimensional control point coordinates, obtained 
by photogrammetric analysis of Viking Orbiter images (Zeitler and Oberst, 1998b). Elevations with 
respect to a best-fit sphere range from — 17 km (black) to -1-21 km (red). Similar global shape models 
will be obtained for the satellites of Saturn. 



of the control points, pointing data for each image involved, and possibly, rotational 
parameters of the satellite as well. Assuming that at least 10 images with global 
coverage and surface resolutions of 3-5 km/pixel are available, three-dimensional 
coordinates for several hundreds of control points will be determined with precisions 
of one standard deviation equal to 1-3 km (Oberst et al., 1998; Oberst and Schuster, 
2004). The precision will increase as more images or images at higher resolution 
are available. The radius components of the control points may be used to study the 
global shape of the satellite, as has recently been demonstrated for Mars (Figure 5) 
and for Galileo control points on lo (Oberst and Schuster, 2004). 

Librations are a minor uncertainty in these solutions, except for Hyperion where 
the departure from synchronous rotation is extreme, and possibly Enceladus (see 
Section 2. 1.1.3). Detection of libration, which is a necessary part of the overall 
geodetic process, is accomplished by measuring the rotational position of land- 
marks on the surface in comparison to predicted rotational models, such as simple 
synchronous. Its success depends upon accurate stereogrammetric measurements of 
parts of the satellite’s surface at two different points in the orbit relative to periapse. 

2. 1.1. 2. Topography. Virtually all studies of geological processes require 
knowledge of surface topography. Topographic mapping can be carried out using 
stereo image analysis and “shape-from-shading” modeling. 

Stereo imaging: Stereo image analysis will be carried out in different stages. 
First, as described above, control point measurements and block adjustment 
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techniques are used to improve the nominal pointing of the images. Next, “dig- 
ital image matching” is carried out to find large numbers (>10,000) of conjugate 
points in image pairs. Object coordinates (latitude, longitude, radius) of these points 
are computed from the improved camera pointing data. Interpolation in between 
these points is used to form a contiguous grid. Points from several stereo pairs can 
be combined to form terrain mosaics covering large areas. 

The accuracies of the control point coordinates depend on lighting conditions 
and the specifics of the imaging geometry. For single points of interest, precisions 
of object coordinates on the order of one pixel can be obtained if stereo images have 
reasonable convergence (stereo) angles, near 20°. However, terrain models of large, 
contiguous areas typically have reliable spatial scales of three to five times larger 
than the image pixel size: i.e., a map resolution three to five times lower than the 
inherent image resolution. Coordinates are difficult to reference to absolute heights 
if no additional data (e.g. extra images) are available. However, relative elevation 
information is generally sufficient to support geological studies of the terrain. 

The methods for analysis have been developed and applied using Galileo images 
of the Moon obtained during the Earth - Moon flyby in 1992 (Oberst et al., 1997) 
(Figure 6) and during encounters with Ganymede and Europa (Giese et al, 1998; 
Oberst et al., 1998). However, owing to the low data rate of the Galileo spacecraft 
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Figure 6. Digital Terrain Model of the 600 km diameter Lunar Humboldtianum Basin, derived from 
Galileo (~ 1 km/pixel) stereo images of the Moon obtained during the second Earth-Moon flyby in 
December 1992. Terrain models of this type will be obtained for selected regions on the Saturnian 
satellites. 
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at Jupiter, only a small number of stereo images were returned. We expect better 
results from Cassini. 

Shape-from-shading ( orphotoclinometry): In this technique, wbicb is used when 
stereo is not available and/or the highest possible resolution is needed, surface 
slopes are determined from the apparent brightness of the image. However, the 
photometric function (the function that describes the variation of surface brightness 
with illumination and viewing angles) must be known. One-dimension profiles and 
two-dimension grids of relative heights can be obtained by integration. The chief 
limitations on this technique can be the lack of knowledge of the albedo variations 
and photometric function across the surface. These conditions are frequently not 
met - in fact, the technique may be impossible on Titan due to atmospheric scat- 
tering that washes out topographic shading - but a uniformly bright satellite like 
Enceladus may be ideal. Photoclinometry has successfully been applied to various 
planetary surfaces (Figueredo et al., 2002; Schenk et al., 2004). Terrain models 
for asteroid Ida, derived from shape-from-shading and stereo image analysis show 
good agreement (Giese et al., 1996). 

2. 1.1. 3. Geophysics and Internal Structure. Important geophysical parameters 
such as rotational moments of inertia may be inferred from the shapes and masses 
of relaxed ellipsoidal satellites, and from observations of amplitudes of librations, 
all of which can be derived from imaging observations. The mass distribution 
within a satellite, inferred from the moment of inertia, can help refine interior 
models that constrain the composition of the originally accreted materials as well 
as define past and present differentiation of those materials. The primary parameter 
sought is the moment of inertia factor, C = IIMR^ (1 is the rotational moment 
of inertia; M the mass, R the mean radius; C = 0.4 for homogeneous sphere). 
The moment factor is detected with imaging by measurement of the satellite’s 
shape parameter, (a-c)IR, where a and c are the long and short ellipsoidal axes. 
The (a-c) for a satellite is proportional to where H is the measure of the 
internal mass distribution relatable to C, and m is inversely proportional to mean 
density and directly proportional to rotational speed. Thus, the low density (<2.0 
g/cm^) and high rotational frequency of many of the Saturnian satellites means 
they have relatively large shape parameters, (a-c)IR, even with differentiation (H 
< 1). Measurement of the shape is done with full-disk imaging, capturing the 
limbs. These data can be obtained with a CCD to a precision of about 0.1-0.15 
pixels, so images a few hundred pixels in diameter can be measured to levels that 
allow useful resolution of the (a-c) values. Appropriate spacecraft satellite (NAC) 
imaging ranges vary between 75,000 km for Mimas and 285,000 km for Rhea - 
often achievable during the Cassini orbital tour - with discrimination of C likely to 
be better than 7% for Rhea and 1% for Mimas and Enceladus. 

Eimb profiles provide the most direct route to overall characterization of an ellip- 
soidal shape of a satellite. For restricted sections of a large satellite, or for the entire 
shape of smaller, irregularly shaped ones, the stereoscopic geodetic measurements 
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of control points provide the basic data and can be used in conjunction with limb 
measurements for testing high-order departures from ellipsoidal shapes (see Sec- 
tion 2. 1 . 1 . 1 ). Best-fit ellipsoid parameters determined from a grid of control points, 
or local elevation models can address many geophysical issues (Zeitler and Oberst, 
1998; Oberst and Schuster, 2004). 

Moments of inertia can also be constrained by measurements of a satellite’s 
forced libration, if the libration is large enough to be measured. The strongest result 
will be for Mimas, where the predicted libration amplitude of about 0.5° is 1.7 
km on the equator (Dermott and Thomas, 1988), a quantity that should be easily 
observed in the planned imaging sequences. And Enceladus presents a special case 
in which a measure of its libration, if present, holds great significance for its internal 
structure and interpretation of the tectonic features seen on its surface (see below). 
However, in most other cases, it is more likely that the shapes will provide more 
accurate estimates of moments of inertia. 

How might the satellites have reached different stages of differentiation? Ac- 
cretional heat is believed to have been important very early in the satellites’ history 
(Ellsworth and Schubert, 1983; Eederico and Lanciano, 1983; Squyres eta/., 1988). 
Accretion for these satellites has been modeled to be quite rapid (Safronov, 1972; 
Safronov and Ruskol, 1977; Safronov et al., 1986), and impactor kinetic energy is 
largely deposited as heat at and below a satellite’s surface. At the end of accretion, a 
satellite’s temperature profile is cool at the center, rises to a maximum several tens 
of kilometers below the surface, and drops sharply at the surface. The maximum 
temperature can approach or exceed the NH 3 -H 2 O eutectic temperature for Tethys, 
Dione, and Rhea even if the satellites accreted in a gas-free environment, and also 
for Mimas and Enceladus if a warm nebula was present (Squyres et al., 1988). 
Eollowing accretion then, some satellites will have had a region of relatively warm, 
mobile, and buoyant material a few tens of kilometers beneath the surface. An ex- 
ception is lapetus, which accretes more slowly, and is able to radiate its accretional 
heat effectively (Squyres et ah, 1988). 

Continued evolution takes place by radiation, warming by radionuclides, and 
heat transport by conduction and (in some cases) convection. Rapid post-accretion 
cooling of the outer layers can produce extensional thermal stresses as large as 
~200 bars, even accounting for a viscoelastic crust (Hillier and Squyres, 1989). 
Such stresses should cause failure, producing extensional tectonism and perhaps en- 
abling extrusion of buoyant subsurface materials. Deep warming can cause further 
extension (Ellsworth and Schubert, 1983). The magnitude of warming is limited 
by solid-state convection which removes heat rapidly. Eor Rhea and lapetus, which 
can contain ice II (and for lapetus only if it is largely undifferentiated), warming 
can also cause expansion via the ice Il-ice I phase change. As heating diminishes 
and heat loss by conduction becomes dominant, the satellites cool and contract, 
albeit at a rate slow enough that tectonism may not result. 

There are some hints on internal structures from Voyager data. The shape of 
Mimas is consistent with a central increase in density if the surface is in hydrostatic 
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equilibrium (Dermott and Thomas, 1988). However, this observation might also 
imply a silicate core, an increase with depth in the compaction of rubble, or just 
a rigid, non-hydrostatic surface layer (Ross and Schubert, 1988). On Tethys, if 
Ithaca Chasma is the result of relaxation of Odysseus, the flow implied places an 
upper limit on the size of its core of ~20% of the satellite’s radius (Thomas and 
Squyres, 1988). The shape of Enceladus, combined with reasonable assumptions on 
possible materials, suggests a denser core within a deep water ice mantle (Dermott 
and Thomas, 1994). 

Enceladus is unusual in two important ways. A 2: 1 orbital resonance with Dione 
forces its eccentricity and produces some degree of tidal heating (Yoder, 1979; 
Squyres et al., 1983; Ross and Schubert, 1989). A simple model suggests that the 
present eccentricity is several times too small to maintain a partially molten interior 
if the thermal conductivity of the crust is that of solid ice, but perhaps sufficient if 
a low-conductivity regolith is present (Squyres et al., 1983). A more sophisticated 
treatment using a viscoelastic rheology suggests that melting is somewhat more 
likely (Ross and Schubert, 1989), though there is still the question of why Enceladus 
would have melted due to this mechanism and not similarly-sized Mimas. 

Also, it has been recently shown that Enceladus may be in a 3:1 secondary 
spin-orbit resonance capable of increasing its tidal heating over previous estimates 
by 100- to 1000- fold, depending on physical parameters like the rigidity of ice and 
the moon’s oblateness (Wisdom, 2004). If Enceladus is indeed in this resonance, 
the model predicts a large forced libration amplitude - up to 10°-20°-which would 
be easily measured in Cassini images and would suggest a degree of tidal heating 
possibly large enough to produce a subsurface liquid mantle and hence present- 
day geologic activity on Enceladus. The implications for surface expressions such 
as geysers, chaotic ‘ice flow’ terrain as seen on Europa, and other morphological 
indicators are obvious. Enceladus could be the Europa of the Saturn system. 

Hyperion’s chaotic rotation presents challenges in observation and modeling. 
Imaging at ranges less than 1 0^ km is sufficient to refine the shape and track rotation. 
Indications from Voyager data are that much of the time the rotation consists of 
two components that can remain fairly uniform for long periods. The combination 
of the close flyby imaging for geology, mass, and other compositional information, 
combined with rotational monitoring, should allow for excellent modeling of vari- 
ations in density distribution and overall geologic history, better than for any other 
irregularly shaped icy object. 

2. 1.1.4. Surface Processes: Resurfacing and Tectonism. Voyager results indi- 
cate that resurfacing has occurred on several Saturnian satellites, but the mech- 
anisms are not obvious due to the lack of very-high-resolution images of these 
bodies. Resurfacing is expected to occur by volcanic or “cryovolcanic” extrusion 
of material from below, by impacts, or by faulting and fracturing of the surface by 
tectonic stresses. Water (H20)-rich material was probably extruded to the surface 
of these bodies, but it is not known if it was liquid, slush, or solid ice. Predominantly 
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liquid resurfacing is favored on theoretical grounds (Stevenson, 1982; Squyres and 
Croft, 1986). However, ice is difficult to melt in such small, cold satellites. More- 
over, liquid water is denser than ice, so achieving melt buoyancy is difficult if the 
satellites have silicate-poor outer regions. Ammonia (NH 3 ), which is cosmochem- 
ically plausible (Lewis, 1972; Prinn and Fegley, 1981), could help on both counts 
(Stevenson, 1982; Squyres et ai, 1983; Ellsworth and Schubert, 1983), since it 
lowers the melting point by 100 K, and leads to eutectic melt that is less dense than 
pure H 2 O liquid (Croft et al., 1988). 

The Voyager images are inconclusive on the matter of cryo-volcanism. No lo- 
bate flow fronts are observed at Voyager resolution. This situation probably rules 
out solid-state flow, since plausible ice rheology should lead to thick, and there- 
fore Voyager-observable, flows on these satellites (Jankowski and Squyres, 1988; 
Schenk, 1989), as seen on the Uranian moon Ariel. However, slush, which may 
have something like a Bingham rheology (Melosh and Janes, 1989; Schenk, 1989; 
Thomas and Squyres, 1989), may have properties (Kargel and Croft, 1989) such 
that a significant solid fraction could still yield flows too thin to be seen at Voyager 
resolution. (Bingham fluids have yield strengths which are independent of viscosity, 
and so flow characteristics - thick or thin - are not solely determined by viscosity.) 
High-resolution images of resurfaced (sparsely cratered) regions will place better 
limits on flow rheology. 

Recent resurfacing on Enceladus may be indicated by its high, nearly uniform 
albedo (Smith et al., 1981, 1982; Buratti, 1984, 1988) that ignores geological 
boundaries. Its physical association with Saturn’s E ring (Baum et a/., 198 1 ; Earson 
et al., 1981; Pang, 1984), which consists of small particles of short lifetimes (10^- 
lO'* years; Morfill et a/., 1983; Haff et al., 1983; Burns, 1984) suggests Enceladus 
as the source of the E ring, and one possible mechanism is liquid-rich resurfacing 
events. Alternatively, Hamilton and Burns (1994) concluded that the ring may 
be self-sustaining, with meteoroid impacts on Enceladus as the originator of ring 
particles. High-resolution images may refute this model if small craters are rare, as 
seen on the Galilean satellites (Bierhaus et al., 2001). Also, cryo-volcanism cannot 
be ruled out as a source for some ring particles and for the uniform albedo since 
volcanic constructs have been interpreted on its surface (Schenk and Moore, 1995). 

Evidence for tectonic activity on the Saturnian satellites generally takes the 
form of troughs or grooves that may represent graben or other faulting, generally 
of an extensional nature. Evidence of compressional features on the icy Saturnian 
satellites is sparse from Voyager images. Investigating the tectonics on these bodies 
requires global mapping of fault patterns and determination of the geometry of the 
surface expressions of these patterns in order to work out the nature and history 
of events recorded in the tectonic features. Eow-sun imaging to reveal very low- 
amplitude folding as seen on Europa (Proctor and Pappalardo, 2003) is also needed. 

Enceladus shows widespread evidence for tectonism (Smith et al., 1981, 1982; 
Squyres, 1983; Kargel and Pozio, 1996; Gomez et al., 1996). While the boundaries 
of some resurfaced regions are diffuse, there is one band of resurfaced terrain with 
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sharp margins cutting through cratered terrain (Figure 7). This relationship may 
indicate that a structural rift has been filled with extruded material, hut the contact 
has not been characterized in detail. Grooves concentrated within resurfaced regions 
are a few kilometers wide, a few hundred meters deep, and in some cases more than 
100 km long. Their geometry correlates with the apparent age (crater density) of 




Figure 7. Voyager global images of icy satellites of Saturn, not to scale. Left to right, top to bot- 
tom: Enceladus: linear tectonic features, craters with variable morphology are visible. Tethys: linear 
marking from middle left to upper right is part of Ithaca Chasma. Mimas: non-circular outline is 
real: this high latitude view shows the 10% elongation due to rotational and tidal effects. Dione: 
bright markings, craters, and sinuous troughs. lapetus: greatly varying albedo pattern. Rhea: heavily 
cratered. Janus: irregular shape and shallow craters. Epimetheus: heavily craterd and a ring shadow. 
Hyperion: scalloped topography suggests spallation of large amounts of material. 
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the terrain: in the youngest terrains, grooves are common and occur in curvilinear 
suh-parallel sets; in older terrains they tend to he straighter and to occur singly. 
The oldest terrains generally lack grooves. The details of groove morphology are 
poorly known, and their underlying structural nature is an open question. They may 
he grahens, modified extension fractures, or ductile necking features. 

Several other Saturnian satellites show evidence of tectonism (Smith et al., 
1981, 1982; Plescia, 1983; Moore and A’Hearn, 1983; Moore, 1984; Moore et 
al., 1985; Thomas, 1988; Gomez et al., 1996; Kargel and Pozio, 1996). Mimas, 
Tethys, Dione, and Rhea all have narrow, shallow troughs on their surfaces. The 
troughs’ origins are unknown. Mimas has a series of topographic troughs which 
show no clear association either to the largest impact crater, Herschel, or to tidal 
stress orientations. The surface of Tethys is also cut hy an enormous trough, Ithaca 
Chasma (Figure 7), that extends at least 270° around the satellite. It is up to 100 
km wide and perhaps ~3 km deep. The walls show evidence of complex structure, 
including internal terraces and grooves. Ithaca Chasma may he a large grahen. It 
roughly traces a rough great circle across Tethys, and the large crater Odysseus lies 
at one pole of this great circle, suggesting a genetic link (Smith et al., 1982; Moore 
and A’Hearn, 1983; McKinnon, 1985; Thomas and Squyres, 1988). 

Dione has a few very subdued ridges that may he compressional (Moore, 1984). 
They are at most a few hundred kilometer long, and have very gentle slopes and 
low relief. They are only visible near the terminator in Voyager 1 images (Moore, 
1984), so their global distribution, like their topography, is unknown. 

2. 1.1. 5. Crater Studies. Geomorphology. Impact craters are ubiquitous geo- 
logic features throughout the solar system and the Saturnian satellites are no excep- 
tion (Smith et al., 1981, 1982). The study of craters is vital for determining material 
properties as well as establishing the chronology of geologic events in the satellites’ 
histories. Crater depths are poorly determined on the basis of Voyager images, but 
simple craters appear to be a few tens of percent shallower than those of equivalent 
size on silicate bodies (Schenk, 1989). This observation may reflect a difference in 
the strength properties of icy material, but is not well understood. Ejecta deposits 
are difficult to identify in the Voyager images of the Saturnian moons. Secondary 
crater fields have not yet been identified but must be present. The diameter of the 
transition from simple to complex craters seems to scale roughly with gravity among 
the satellites, but there are deviations from this trend (Chapman and McKinnon, 
1986; Schenk, 1989). The transition takes place at a diameter far smaller than ex- 
pected by extrapolation from silicate bodies, and may indicate lower cohesion for 
icy materials. 

Observations of large craters are severely hampered by inadequate Voyager 
coverage, resolution, and viewing geometry. Multi-ringed structures should form 
most readily on high-gravity bodies, and the clearest multi-ringed structure in the 
Saturn system is indeed on the second largest satellite: Tirawa, on Rhea, with 
a diameter of 350 km. (The presence or absence of impact basins on Titan is 
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presently unknown.) Tirawa lies on the terminator in Voyager images, however, 
so its morphology is poorly known. There may he another multi-ring structure on 
Rhea, seen on the limh at very low resolution hy Voyager (Moore et al., 1985). 
The largest known crater in the Saturn system is Odysseus, on Tethys, with a 
diameter of 430 km. It seems to have a complex central peak structure, hut no clear 
rings. 

Craters with polygonal rims are observed, and are common on Rhea (Smith etal., 
1981). The shapes prohahly indicate exploitation of trends of structural weakness 
during excavation (Shoemaker, 1960). Rim segments on some areas of Rhea show 
preferred orientations (Moore et al., 1985; Thomas, 1988). This observation prob- 
ably reflects an underlying structural stress pattern, but the pattern’s global nature 
is not known. 

Viscous relaxation of craters in the Saturn system appears rare, apparently due 
to the low gravity and cold temperatures of the satellites. Exceptions seem to be 
the large craters Tirawa and Odysseus (Schenk, 1989), although their degree of 
relaxation is poorly known. Relatively small craters on Enceladus also appear to be 
relaxed (Passey, 1985), probably because that satellite has undergone tidal warming. 
The morphology of craters on Enceladus could enable estimation of depth to a 
possible liquid water mantle, as has been possible on Europa (Turtle and Pierazzo, 
2001; Schenk, 2003). 

Impact history. The cratering records of the satellites are diverse (Smith et 
al., 1981, 1982; Strom, 1981; Plescia and Boyce, 1982, 1983, 1985; Hartmann, 
1984; Neukum, 1985; Eissauer et al., 1988). Crater density variations are largest 
on Enceladus, where some areas are nearly as cratered as any in the Saturn system, 
and others show no craters at the best Voyager resolution. Only an upper limit may 
be placed on the age of the most recent resurfacing on Enceladus, due to the lack of 
information about the density of unresolved craters in the youngest areas. Tethys 
and Dione are generally more cratered than Enceladus, with a smaller variation in 
ages. Nevertheless, there is clear evidence on Dione and good evidence on Tethys for 
local resurfacing. The global pattern of resurfacing on all three satellites is poorly 
known due to coverage limitations. The most densely cratered surfaces on some 
of the moons, e.g. Mimas, might date back to a period of heavy post-accretional 
bombardment (Neukum, 1985). 

On Mimas and Rhea the distribution of large craters is also spatially inhomoge- 
neous (Smith et al., 1981; Plescia and Boyce, 1982). However, statistical analyses 
(albeit based on limited numbers of craters) suggest that this degree of inhomo- 
geneity is expected from spatially random cratering (Eissauer et al., 1988). More 
complete coverage of the satellites’ surfaces is needed to confirm this conclusion. 
Some areas on Rhea also show an apparent shortage of small craters (Plescia and 
Boyce, 1982) - an observation that could indicate local surface mantling or apaucity 
of small comets in the outer solar system (Zahnle et al., 2003). However, there is a 
correlation of small crater density with illumination geometry (small craters appear 
scarcest where the sun is overhead (Eissauer et al., 1988), so the observation is 
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inconclusive. Images with different illumination geometries and higher resolution 
are needed. 

The crater density on lapetus is large (Smith et al., 1982; Plescia and Boyce, 
1983; Lissauer eta/., 1988), hut poorly known due to Voyager resolution limitations : 
the highest resolution Voyager image had a scale of 8.5 km/pixel. Craters on lapetus 
are mainly observed in bright terrain. Only recently were craters also detected and 
counted in Voyager images of the northwestern edge of the dark terrain under 
photometrically favorable (low-sun) conditions (Denk et al., 2000), indicating that 
the crater size - frequency distribution is similar in the measured parts of the dark and 
bright terrain. Interestingly, Rhea and Mimas, which lie deeper in Saturn’s gravity 
than lapetus, appear to have crater densities lower than that of lapetus by a factor of 
about 1.5 (Smith eta/., 1981, 1982; Plescia and Boyce, 1982, 1983; Lissauer eta/., 
1988). Either lapetus preserves a record of impacts by planetocentric debris that did 
not cross Rhea’s orbit (unlikely according to Zahnle et al., 2003), or the surfaces of 
Mimas and Rhea are younger than that of lapetus. We can potentially use the density 
of craters on lapetus to calculate the probability that the other satellites have been 
collisionally disrupted since formation of lapetus’ surface. One such calculation 
suggests multiple disruptions and reaccretions of most satellites inside Rhea (Smith 
et al., 1982). Another hypothesis suggests that disruption is only probable for the 
small satellites - Atlas, Prometheus, Pandora, Janus, Telesto, and Calypso - whose 
irregular shapes suggest they are collisional remnants (Lissauer et al., 1988). 

Old surfaces in the system have, in general, less “steep” crater size - frequency 
distributions than young ones (Smith et al., 1981, 1982; Plescia and Boyce, 1982; 
Lissauer et al., 1988). A “steep” distribution indicates a rapid increase in the cu- 
mulative number of craters larger than a given diameter as that diameter decreases. 
One interpretation is that there were two impactor populations: an early Population 
I, with a “normal” amount of large impactors, and a later Population II with fewer 
large impactors (Smith et al., 1981, 1982). In this scenario, young regions were 
cratered primarily by Population II. Another interpretation is that there was a sin- 
gle “steep” impactor population. Under this interpretation, young surfaces retain 
the shape of the production distribution, while old surfaces have had their curves 
“flattened” at large diameters by saturation-equilibrium effects. For the Galilean 
satellites, the high-resolution image data returned by the SSI camera onboard the 
Galileo Orbiter has not resolved this issue (Neukum, 1997; Neukum et al., 1998; 
Chapman et al., 1998; Zahnle et al., 2003; Schenk et al., 2004). Neukum (1985) 
and Wagner and Neukum (1996) found similarities between crater distributions in 
the inner solar system, the Galilean satellites of Jupiter, and the satellites of Sat- 
urn. This similarity, if real, suggests a similar projectile population, derived from 
collisionally evolved bodies, such as Main Belt asteroids, and a lunar-like impact 
cratering scenario with (1) a heavy bombardment period prior to about 3.3 Gyr and 
(2) a constant cratering rate ever since (Neukum, 1997; Neukum et al., 1998). 

Other investigators (Zahnle et al., 1998, 2003; Schenk et al., 2004; Chapman 
et al., 1998; Bierhaus et al., 2001), have presented evidence that comets play the 
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major role in impacting the Jovian satellites. Zahnle et al. (1998, 2003) summarize 
observations and calculations showing that comets dominate the present-day cra- 
tering in the outer solar system. They note that while there is a paucity of small 
primary impacts on the Galilean satellites (Chapman et al., 1998; Bierhaus et al., 
2001; Schenk et al., 2004), the small craters on Triton, if primary rather than sec- 
ondary craters, imply a population rich in small bodies. Small craters on Triton 
may be of heliocentric or planetocentric origin. Zahnle and colleagues considered 
two cases for Saturn, one in which the size - frequency distribution is like that at 
Jupiter, and the second in which small objects obey a collisional distribution. Re- 
sulting surface ages for the Saturnian moons are much younger in the second case. 
For example, average surface ages for Tethys, Dione, and Rhea may be as young 
a 1 Gyr or as old as 4 Gyr. lapetus should have experienced little planeocentric 
cratering and must be very old. 

Both global coverage and high-resolution images of the Saturnian satellites will 
help to extend the database of crater distributions at all sizes to another satellite 
system, crucial to interpreting the cratering record of these bodies and others in the 
outer solar system. 

2.1.2. Spectrophotometry 

Multi-spectral imaging is a powerful tool for understanding the relationships be- 
tween satellite compositions, geology, and surface modification processes, both 
endogenic and exogenic. In general, multi-spectral imaging can be used to attempt 
the difficult task of specific compositional idenlificalions or fo idenlify color unifs 
fhaf have specific geologic associations. In particular, fhe nafure and origin of fhe 
dark material in fhe Safum satellite system, which as a collecfion of bodies is un- 
usually brighf, is of special inferesf (Owen et al., 2001), bofh because dark material 
is rare in fhe Safurnian sysfem and because of fhe inferred presence of organics on 
lapefus and Tifan. Variations in fhe scaffering of lighf as a function of viewing and 
illumination geomefry may also provide information on surface fexfure fhaf can 
be associated wifh eifher local geology or wifh patterns expected from exogenic 
effecls. 

The geomefric albedoes of many of fhe safellifes are very high: fhe inner five 
major safellifes, Mimas, Enceladus, Tefhys, Dione, and Rhea, all have albedoes 
as high as, or higher fhan, fhe brighfesf icy satellite of Jupifer, Europa. Enceladus 
is exfraordinarily brighf, wifh a geomefric albedo of ~1.0 (Smifh et al., 1981; 
Buraffi and Veverka, 1984; Buraffi, 1988). There is little variabilify of albedo, and 
essenfially no correlafion of albedo wifh underlying geology. These observations 
are consisfenf wifh recenf deposifion of surface frosl. Mosf of fhe ofher satellites are 
also brighf, wifh Bond albedos of 0.45-0.6, and phase integrals of 0.7-0.9 (Buraffi 
and Veverka, 1984). 

Dione and Rhea bofh have brighf leading and darker frailing hemispheres 
(Noland et al., 1974; Eranz and Millis, 1975; Smifh et al., 1981, 1982; Buraffi and 
Veverka, 1984), and Rhea’s normal refleclance is sfrikingly bimodal (Verbiscer and 
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Veverka, 1989). Tethys has a broad, darker north - south “stripe,” observed only at 
very low resolution, centered on its trailing hemisphere (Smith et al., 1981; Buratti 
and Veverka, 1984). Dione and Rhea also have bright “wispy” markings transecting 
their trailing hemispheres (Smith et al., 1981, 1982), and on part of Dione these 
appear to correlate roughly with some poorly observed tectonic features. However, 
the wispy markings have not been observed with favorable geometry or resolution, 
and their origin is unknown. 

Current knowledge of the spectral properties of the major icy Saturnian satellites 
comes from a combination of ground-based telescopic and Voyager data. Telescopic 
near-infrared spectra (~ 1-3.5 fxm) show that essentially all of these objects are 
rich in water ice or frost on their surfaces (Johnson et al, 1975). Color data from 
ultraviolet to near- infrared wavelengths ('^O. 35- 1.0 /xm) give evidence for varying 
amounts of non-water ice constituents mixed with the ices and frosts on the surface 
(McCord eta/., 1971; Noland etah, 1974; Morrison etah, 1984; Cruikshank eta/., 
1984: Cruikshank, 1981, 1999). (The low mean densities of the satellites for which 
we have mass estimates are consistent with a dominance of water ice. Densities of 
about 1.0-1. 5 g/cm^ suggest that the satellites overall are predominately ice mixed 
with tens of percent of non-ice material: i.e., rock plus carbonaceous material.) 

The satellites also have relatively bland colors in the visible and ultraviolet and 
are redder than expected for pure ice models but much less so than the Galilean 
satellites (McCord et al., 1971; Noland et al., 1974; Smith, et al., 1981; Buratti 
et al., 1990). (Interestingly, the ring colors are significantly redder than the inner 
satellites and comparable to the Galilean satellites (Lebofsky, et al., 1971; Smith, 
et al., 1981) in spite of also being primarily pure water ice.) Buratti et al. (1990) 
found broad-scale patterns of spectral variation without a high degree of correlation 
to geologic structures. The major exception is the so-called “wispy” terrain which 
appears as a distinct “bluish” unit, possibly indicating that it is a deposit of fresher 
frost of some type. The dark material on lapetus is both dark and red, and it has been 
suggested that this material is similar to very dark red asteroids (so-called D-class) 
and to complex organic material produced in laboratory experiments (“Tholins” - 
Bell et al., 1985; Wilson and Sagan, 1995). Hyperion, inward of lapetus, appears to 
also be abnormally red, while Phoebe, probably a captured object, is representative 
of another class of dark, more spectrally neutral material. 

Among the observational goals of the Cassini ISS team will be searching for 
spectral correlations with geologic units at high resolution. Spectral imaging of 
the Galilean satellites by Galileo has demonstrated the utility of such studies, and 
Cassini ISS has many more spectral bandpasses. On Jupiter’s satellite Europa, for 
instance, the near-infrared range of the CCD allows the separation of units with 
differing ice particle sizes that led to the discovery of “IR-bright” units not visible 
at shorter wavelengths; these results allowed the relative ages of the surface units 
to be determined (Geissler et al., 1998). Comparisons of visible and near-infrared 
spectral units with those seen at longer wavelength by NIMS (whose improved 
Cassini counterpart is VIMS) have proven vital to understanding the geologic setting 
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of non-ice materials identified as hydrated salts by the NIMS experiment. Galileo 
found that dark, non-ice materials are concentrated in low areas on Europa and 
Ganymede (Oberst et al., 1999). 

Exogenic modification may mask local variations in composition or texture. 
Concentration of non-ice material by preferential removal of volatiles through 
evaporation, impact or sputtering has been considered as an important process, 
but its relative importance compared with collection of material from infalling me- 
teoritic and ring material is unknown at present. The ambiguity concerning the 
origin of the unusually uniform spectral and photometric properties of Enceladus, 
mentioned in Section 2. 1.1.3, is an example. Exogenic modification by the E ring 
on several other satellites besides Enceladus is suggested by near-IR photometry 
(Buratti etal., 1998). Additionally, the hemispheric dichotomies exhibited by some 
of the other satellites has been suggested as arising from preferential bombardment 
of the leading sides of the satellites by cometary and meteoritic material (see Buratti 
et al., 1990). The effects of radiation on the surface materials is another potential 
source of spectral modification. The identification of O 3 on Dione and Rhea (Noll 
et al., 1996), probably in gas inclusions in the surface ices, is a piece of evidence 
suggesting radiation modification of the near surface. 

lapetus has perhaps the strangest photometric properties in the solar system. At 
low Voyager resolutions, the color properties across the hemispheres appear to vary 
as a smooth mixture of ice with the dark red material (Buratti and Mosher, 1995), 
but there are also hints that at high resolution, material might be very localized. 
Normal reflectance ranges from ~0.03 near the apex of orbital motion to ~0.6 near 
the poles (Squyres and Sagan, 1983; Goguen et al., 1983; Squyres et al., 1984). 
The dark material is reddish in color (Cruikshank et al., 1983; Squyres et al., 
1984). The albedo pattern is symmetric about the apex, and photometric contours 
nearly parallel calculated impact flux contours. Along the boundary between bright 
and dark terrain there is evidence for topographic control of albedo, including 
dark- floored craters and bright slopes facing toward the antapex. Evaluation of the 
spectrum of dark components on lapetus and Hyperion suggest similar materials 
on both bodies (Jarvis et al., 2000). 

Hypotheses proposed to explain the pattern of lapetus’ albedo (Cook and 
Eranklin, 1970; Soter, 1974; Smith et al., 1982; Squyres and Sagan, 1983; Bell 
et al., 1985) include coating of the leading hemisphere with debris from Phoebe, 
and volcanic eruption or exposure by impact erosion of dark material indigenous to 
lapetus. A case can be made that the varying impact flux has influenced the albedo 
pattern, but present poor resolution and signal-to-noise ratio make it impossible to 
evaluate confidently the relative roles of endogenic and exogenic processes. While 
debris from Phoebe (which is in a retrograde orbit) may add to the asymmetric 
impactor flux, it is unlikely that coating of lapetus’ surface with this material is 
the answer. Phoebe has a low normal reflectance of ~0.05 (Simonelli et al., 2000), 
but is spectrally neutral except for a slope in the 0. 3-0.4 /xm range (Degawij et al., 
1980; Tholen and Zellner, 1983; Thomas et al., 1983a) and a turndown from 0.9 
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to 1.1 fxra (Tholen and Zellner, 1983). It shows some spatial variations in albedo, 
though little is known of their detail or origin, or about spatial variations in color. 

Description of the satellites’ photometric properties is limited by phase-angle 
coverage, which is spotty and in only a few cases extends past 70°. The fitting 
of Hapke’s photometric function (Hapke, 1981, 1984, 1986) suggests high single- 
scattering albedos, regolith compaction similar to Moon’s, and particle phase func- 
tions somewhat more backscattering than Moon’s (Buratti, 1985). Estimation of 
surface roughness is virtually precluded by a shortage of high phase angle data. 

2.1.3. Determination and Refinement of Satellite Orbits and Masses 
Before the advent of spacecraft flybys, ground-based astrometric observations of 
orbital variations were the only means of determining satellite masses. Doppler 
tracking of the Cassini spacecraft during close satellite flybys will yield mass de- 
terminations for some of the satellites, but detailed analysis of satellite orbits and 
their variation over the Cassini tour from ISS images will be an invaluable com- 
plement. In addition to the mutual perturbations of all the satellites, there are three 
resonant relationships in the Saturnian satellite system that induce significant or- 
bital variation between pairs of satellites: (i) Mimas and Tethys are involved in 
2:1 resonance that modulates the inclination of both satellites; (ii) Enceladus and 
Dione are locked in a 2:1 resonance which leads to a significant forced component 
on the eccentricity of each satellite; and (iii) the 4:3 resonance between Titan and 
Hyperion has no effect on Titan but causes a large forced eccentricity (0. 1042) on 
Hyperion. These resonant relationships are important because they can be used to 
determine the masses of some of the satellites involved. 

Detailed knowledge of the orbits of the satellites and their variation derived 
from ISS observations is essential for the success of the Cassini mission. This 
is because the optical navigation of the spacecraft utilizes ISS images of distant 
satellites against the background stars to determine the position of the spacecraft. 
Such images are also used, in turn, to improve the orbits of the satellites and thereby 
help in targeting close flybys. The best ground-based astrometric observations of 
Saturn’s larger satellites (such as Titan, Rhea, Tethys and Dione) have 1-sigma 
residuals of ~0.08 arcsec, corresponding to positional errors of ~500 km. Eor the 
smaller satellites (such as Mimas, Enceladus and lapetus) the errors are ~1200 
km. Because Phoebe is so distant it is difficult to obtain plates or CCD frames of 
it with other satellites and so its positional error is currently ~6000 km. The limits 
of ground-based astrometry will be overcome and the positional errors reduced 
by using the Cassini ISS data as they become available throughout the mission. 
Therefore, one of the end products of the mission will be sets of orbital elements for 
the satellites that can be used as starting values for long-term numerical simulations 
of the dynamical evolution of the system. 

Accurate orbit determinations of the Trojan satellites can be used as independent 
checks on the masses of Tethys and Dione, and indeed any satellite that is found to 
have a co-orbital companion. This is because for small amplitude librations about 
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the equilibrium points, T oc where T is the period of libration of the Trojan 

satellite, m the mass of the parent satellite and M the mass of Saturn. For Tethys and 
Dione the respective libration periods of their Trojan should be close to 660 and 
775 days, respectively; Cassini should be able to observe several libration cycles. 

The Janus and Epimetheus pair is unique in the solar system. Both satellites are 
in near-circular, near-equatorial orbits with an orbital separation of 50 km, which 
is less than or comparable to the smallest physical dimension of either object. 
However, rather than collide, a study of the three-body problem shows that although 
they come close to one another every 4 years, they cannot pass even though they 
affect each other’s orbits. The resulting configuration is called a horseshoe orbit. At 
closest approach, the radial displacements of each satellite (±10 and ±40 km from 
the mean semi-major axis for Janus and Epimetheus, respectively) are functions of 
their mass ratio and their separation in longitude is a function of the sum of their 
masses (Yoder et ciL, 1983). Given that the Voyager spacecraft obtained resolved 
images of both Janus and Epimetheus, their volumes are known and astrometric 
observations have led to estimates of their densities of 0.65 ± 0.08 and 0.63 ± 
0.11 g/cm^, respectively (Nicholson et ciL, 1992). Therefore, these icy objects are 
significantly underdense and may be typical of the material of which the small 
satellites and rings are composed. A major goal for ISS will be to derive improved 
shape models and volumes for these satellites to combine with improved orbits in 
order to get better estimates for their densities. During the nominal tour, an orbital 
switch of Janus and Epimetheus is due to occur in February 2006 when, over the 
course of a few days, Janus will move inwards by ~20 km while Epimetheus moves 
outwards by ~80 km. Observations of the switch have a particular importance for 
satellite and ring studies (see Section 2.3. 1.2). 



2.1.4. Summary of Satellite Imaging Objectives 

With these fundamental scientific questions in mind, the satellite science objectives 
for the Cassini ISS experiment include the following. 

All satellites'. Complete high-resolution global coverage to make geodetic maps, 
characterize the surface, and identify geologic resurfacing and tectonic mechanisms 
on all satellites; Acquire high-resolution and multiple-geometry images of cratered 
terrains for crater formation, size-frequency, and spatial distribution studies; Es- 
tablish the spectrophotometric properties of surface units over a broader and more 
complete range of viewing and illumination geometries than currently available; 
Determine the nature of the dark material in the Saturn system; Establish the details 
of satellite shape to draw inferences about internal structure; Measure librations, 
where present. 

Utilize the information gathered on all the satellites on tectonic patterns, albedo 
patterns, projectile populations, resurfacing events, composition, masses, densi- 
ties, etc. to formulate a history (i.e., origin scenarios and evolution) of the entire 
Saturnian satellite system; Determine what is unique about this system’s origin 
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and evolution, and how it differs from the satellite systems of Jupiter, Uranus, and 
Neptune. 

Some satellite-specific objectives are given as follows. 



• Mimas, Enceladus, Tethys, Dione, Rhea: Establish detailed morphology of 
topographic grooves to investigate their formation mechanism. 

• Enceladus, Tethys, Dione: Examine resurfaced regions at high resolution, to 
investigate the resurfacing mechanism. 

• Enceladus, Tethys, Rhea: Determine topography of relaxed craters, to infer 
rheology. 

• Tethys, Dione, Rhea, lapetus: Characterize global-scale photometric varia- 
tions. 

• Dione, Rhea: Obtain coverage at high resolution and a range of illumination 
and viewing geometries of “wispy” markings. 

• Enceladus: Determine crater densities in youngest regions. Perform regular 
monitoring to search for eruptive events. Measure libration amplitudes as ev- 
idence of spin-orbit resonance and tidal heating. Use crater morphologies and 
dimensions to constrain the depth to a potential water mantle (or “subsurface 
ocean”). 

• Tethys: Establish the morphologic details of Ithaca Chasma. 

• Dione: Obtain high-incidence-angle coverage of ridges to confirm topography 
and global distribution. 

• Rhea: Characterize the global distribution and orientations of polygonal crater 
rims. 

• Hyperion: Investigate the details of color and albedo variations to help con- 
strain the nature and origin of the dark material. 

• lapetus: Establish the details of the distribution of dark material at much 
higher resolution, particularly at the dark/light boundary. Establish the details 
of photometric properties and topography on the leading hemisphere, using 
images with high signal/noise ratio. 

• Phoebe: Investigate the details of color and albedo variations to help constrain 
the nature and origin of surface material. 

• All small irregular satellites: Globally characterize these bodies - cratering 
statistics, surface topography and morphology, shapes, colors, etc. - at high 
resolution. Search for evidence for collisional fragmentation and evidence of 
unique surface processes. Determine color variations among satellite terrains 
and differences or similarities to ring colors. 

• Tethys/Mimas, Enceladus/Dione, Titan/Hyperion, Janus/Epimetheus: Use re- 
fined measures of their orbital elements and evolution to determine accurate 
masses and densities. 



Observational plans to accomplish these goals are as follows. 
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• Global, low-resolution (few km/pixel, or better) observations covering as wide 
a range of longitudes as possible at approximately regular pbase-angle incre- 
ments, in concert with other remote sensing instruments, to characterize the 
global spectrophotometric properties of the satellites. 

• At those times when satellites fill a substantial fraction of the NAC FOV, 
imaging from different viewing geometries throughout the ‘encounter’ allows 
for high-resolution morphology and color, as well as stereo observations for 
topography, and limb observations for shape. 

• During those times outside of the ‘targeted’ flybys, when the satellite still sub- 
tends more than a NAC FOV, specific targets on the surface are selected on the 
basis of the low-resolution views obtained by Voyager. Many of these mosaics 
are in areas where there is essentially no useful Voyager coverage and thus are 
purely exploratory. The speed of the flybys determines roughly how many im- 
ages can be obtained at these close ranges. The target characteristics influence 
whether stereo or color is sought at very high resolution over limited areas. 

• ‘Targeted’ flyby imaging, to give very high-resolution (tens of meters per 
pixel) morphology of specific features (e.g.. Figure 4) in those instances 
where Voyager data indicate potentially diagnostic features, such as structural 
forms, and to make surveys at high resolution where we currently have 
no specific geologic expectations. Color and stereo are important parts of 
these sequences, although the high angular rates restrict the amount of such 
coverage. Wide-angle images are also taken during close passes, as they can 
provide context and obtain more regional views at specific geometries than 
can be done solely with the NAC. 

• Some very high-phase observations of Enceladus are planned to seek any 
associated particles or venting phenomena. Some of these are obtained while 
the moon is in the shadow of Saturn. 

2.1.5. Combined Studies with Other Cassini Instruments 

Many instruments on the Cassini Orbiter in addition to ISS will observe icy satellite 
surfaces. These include the Composite Infrared Spectrometer (CIRS), the VIMS, the 
Ultraviolet Imaging Spectrograph (UVIS), and RADAR. Coordinated observations 
and scientific analyses of satellites are planned utilizing data from all instruments. 
ISS-VIMS coordination is important since the two instruments are functionally 
complimentary and co-analysis is scientifically powerful. (Co-analysis between 
comparable experiments on Galileo (SSI and NIMS) has proven fruitful (e.g., 
Lopes-Gautier et al., 1998; Fanale et al., 1998).) The spectrometer is limited to 
covering relatively small areas at moderate spatial resolution ('^ 1 km/pixel or bet- 
ter) because of the high data volume produced by hyperspectral imaging and short 
period at close range to targets. The imaging experiment is limited with respect to 
compositional interpretations by the spectral range (0.25-1.1 /xm for ISS versus 
0.35-5.1 /xm for VIMS) and spectral resolution (even though ISS has many color 
filters). With a coordinated ISS-VIMS observation plan it is possible to achieve (1) 
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global mapping of color units with ISS (via wide-angle camera (WAC) when close 
and NAC when distant); (2) VIMS spectra that sample all color units at moderate 
resolution, to enable more definitive compositional interpretations of the ISS color 
units, and (3) high-resolution and stereo images of surface features for interpreta- 
tion of processes (impact, tectonic, etc.). RADAR should be synergistic with ISS 
images and VIMS spectra of icy satellite surfaces, providing very different infor- 
mation (such as subsurface structure). CIRS and UVIS spectra, giving temperature 
and composition, can be related to the geologic context of ISS images. 

2.2. Saturn’s Atmosphere 

The state of our knowledge of Saturn’s atmosphere is immature in comparison with 
that of Jupiter’s. As a starter, the colder temperatures of the Saturnian atmosphere 
result in a visible cloud deck being lower in the atmosphere, and overlain by a 
greater abundance of haze, than for Jupiter, so contrasts are intrinsically lower. 
Moreover, the jovian atmosphere has been more extensively studied - both from 
spacecraft and from Hubble Space Telescope (HST) - than Saturn’s. For example, 
in the derivation of cloud-tracked winds, the Voyager imaging team gathered 10 
times more wind vectors from Jupiter than from Saturn, owing entirely to the poor 
visibility of cloud features on the latter. The latest advances in jovian atmospheric 
science were made, in fact, by the Cassini ISS during the Cassini December 2000 
Jupiter flyby (Porco et al., 2003). 

Nonetheless, what we do know about Saturn is that, unlike the apparent stability 
of the jovian jets, Saturn’s atmosphere is remarkably changeable. HST images 
during 1990-1991 captured the eruption of a giant equatorial storm (Sanchez- 
havega et al., 1991), and other similar disturbances in 1994-1997 (Sanchez -Lavega 
et al., 1996, 1999). And recent observations (Sanchez-Lavega et al., 2003) have 
suggested that the equatorial jet on Saturn has decreased in speed by a factor of two 
from 1996 to 2002, although it is not clear whether or not these recent observations 
sample the same level in the vertical wind profile as earlier measurements. 

Cassini ISS goals are focused on using the unique spectral and photopolarimetric 
capabilities of the instrument to derive the observational quantities necessary for 
estimating the cloud and aerosol structure and energy balance in the atmosphere, to 
search for previously unseen atmospheric phenomena, to measure and understand 
the three-dimensional general circulation of the atmosphere, including indirect 
inferences about conditions below the visible cloud tops, and to measure the spatial, 
spectral, and temporal properties of Saturn’s auroral and lightning emissions, the 
latter being especially important as tracers of atmospheric convection. 

2.2. 1 . Photometric and Polarimetric Studies of Saturn 

The spectrophotometric capabilities of the ISS, and its photometric precision and 
linearity, will be used to singular advantage in the study of the processes energizing 
the Saturn atmosphere. Accurate knowledge of the intensity, spectral variation, and 
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linear polarization state of light reflected from Saturn can be used to address a 
variety of atmospheric objectives, listed as follows. 

1 . Deriving the optical properties and vertical distribution of aerosols to develop 
quantitative models of radiative forcing, and investigate the coupled dynamical, 
radiative, chemical and aerosol microphysical processes that determine the state 
of the upper troposphere and stratosphere. This objective addresses the mean 
meridional circulation, vertical and latitudinal transports and seasonal effects. 

2. Improving our understanding of the formation mechanisms and composition of 
aerosols in the stratosphere and upper troposphere by comparing their spatial 
distribution with models of their source regions, and by interpreting diagnostic 
photometric and polarimetric signatures such as halo features at specific scatter- 
ing angles. 

Radiative balance calculations for meridional circulation models require knowl- 
edge of methane absorption, particle distribution, particle single scattering albedo, 
optical depth, and scattering phase function throughout the entire spectrum. No sin- 
gle instrument can provide these quantities over the whole spectrum. The ISS can 
(with its suite of filters and observing strategy) provide information on methane 
absorption, aerosol distributions and optical properties from about 250 to 1000 
nm. Knowledge of aerosol optical properties can be used to infer aerosol physical 
properties (size, shape, imaginary refractive index) which can be used to constrain 
aerosol microphysical models. 

Aerosol single-scattering albedo, scattering phase function and linear polariza- 
tion can be deduced from the types of measurements ISS will make, as summarized 
in Table III. The measurements listed in Table III are compared with multiple- 
scattering models to derive the phase function, polarization and single-scattering 
albedo. For Saturn the derivation of particle polarization at visible wavelengths 
relies on knowledge of the vertical structure as molecular scattering is strongly 
polarized. The vertical structure and aerosol properties must be modeled simulta- 
neously. 



TABLE 111 

ISS diagnostics for aerosol optical properties. 



Aerosol property 


Measurement 


Single-scattering albedo 


Intensity at disk center at low phase angles at 
continuum wavelengths 


Derivative of single-scattering albedo 
with depth 


Limb darkening at low phase angles at continuum 
wavelengths 


Phase Function 


Behavior of intensity with phase angle 


Polarization 


Behavior of polarization with phase angle 


Derivative of single-scattering 
polarization with depth 


Center-to-limh behavior of the polarization 
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Aerosol optical properties lead to an estimate of aerosol physical properties. It is 
unlikely that particles are spherically shaped because the particles are most likely 
in the solid phase. Particles produced photochemically or as a result of auroral 
homhardment in Saturn’s upper atmosphere may he aggregates of small (r 1 
/xm) particles (West and Smith, 1991). Unlike spheres, these types of particles can 
have phase functions that are forward scattering while at the same time producing 
strong positive linear polarization near 90° scattering angle. Table IV summarizes 
how optical properties will be used to infer physical properties. 

Information on the vertical structure of the aerosols is carried by the same 
intensity and polarization data used for aerosol optical properties. The ISS has 
available four types of measurements for studies of vertical structure, listed in 
Table V. 

The suite of measurements listed in Tables III and V will be combined to yield 
information on the vertical structure and optical properties of atmospheric aerosols. 
Images in each of the three short-wave (400-700 nm) polarizing filters on the NAC 
will be combined to produce linear polarization images. The orientations of the 



TABLE IV 

ISS diagnostics for aerosol physical properties. 



Aerosol optical property 


Derived physical property 


Phase function in forward scattering 
(~20° to 40° scattering angle) 

Single scattering alhedo 

Halo feature 
Polarization 

Dependence of extinction cross-section 
on wavelength 


Particle effective radius 

Imaginary part of refractive index, particle 
composition 

Crystal shape, refractive index, and composition 
Particle shape and effective radius (contingent on 
available laboratory or theoretical results) 

Particle shape, after radius and imaginary refractive 
index are determined 


ISS diagnostics 


TABLE V 

1 for aerosol vertical structure. 


Measurement technique 


Comments 


Limb images 

Methane band photometry 
Polarimetry near 0.4 /rm wavelength 
UV center-to-limb photometry 


Vertical profiling (6 km/pixel at 16Rs in the NAC); 

Stratospheric vertical coverage to 150 mb at 1 /xm 
ISS has three methane filters that probe to different 
depths 

Rayleigh scattering is highly polarized near 90° 
scattering angle 

Probes altitudes of UV-absorbers 
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polarization axes of these filters are offest by 0°, 60° and 120° from the line in the 
image plane perpendicular to the Z-axis of the spacecraft. We estimate an uncertainty 
of ±0.5% in the magnitude of linear polarization if 5 x 5 pixel regions are summed. 
Two orthogonally oriented near-IR (700-1100 nm) polarizers are mounted in the 
WAC filter wheel. These give a good measure of the linear polarization, provided 
the spacecraft Z-axis is approximately parallel or perpendicular to the plane of 
scattering. Both short- and long-wave polarizers can be combined with passband 
filters, including methane filters to measure the wavelength dependence of the 
polarization. The NAC filter wheel contains a single near-IR polarizer which can 
be used to filter polarized light and provides deeper penetration of the atmosphere 
at intermediate phase angles. 

Our measurement strategy for Saturn calls for images at many wavelengths, 
over the globe, and at many solar incidence, emission and phase angles. Of the 
spacecraft encounters with Saturn thus far, only the Pioneer imagers obtained good 
phase-angle coverage, but only at two wavelengths and not sufficiently dense in 
phase-angle coverage to look for halo features. During the Saturn tour, we will 
obtain images of Saturn at many wavelengths from the near-UV to near-IR, in 
three methane bands, and with polarization filters. The requirement to orient the 
spacecraft in order to align the axes of the polarizers with the scattering plane posed 
real but manageable operational constraints on observation planning. 

Global views with the NAC are possible only if the spacecraft is greater than 
about 60 Rs from Saturn; at closer range, the required number of images and observ- 
ing time to cover the planet is prohibitive. Therefore, the Saturn approach period 
and the apoapses of the most distant orbits are the best times for global coverage 
in the UV and in the short-wave polarizing filters. Phase-angle coverage will be 
built up gradually over the tour. We will take advantage of special circumstances 
during the orbit. The orbital characteristics of the tour will permit good coverage 
in both hemispheres, especially at high latitudes on inclined orbits. We will make 
use of opportunities to photograph stars near the limb in order to establish accurate 
altitudes for limb hazes. 

2.2.2. Atmospheric Dynamics and Thermodynamic Structure 
The first-order science objective for the ISS atmospheric dynamics investigation 
is to determine the processes responsible for maintaining the banded alternating 
jet and cloud structure on Saturn. The only direct information comes from visible 
cloud levels and above, while the relevant driving mechanisms have their roots 
below. Thus, the challenge for Cassini ISS is to use imaging to infer as much as 
possible about conditions at depth. Voyager satisfactorily observed the cloud-top 
mean zonal wind field on Saturn (cf. Ingersoll et al., 1984), and Cassini ISS will do 
the same, with the specific objective of verifying recent suggestions of weakening 
of the equatorial jet. We will document such changes at much higher resolution 
than is possible from HST, increasing confidence that the changes are associated 
with actual winds rather than wave motions. Multi-spectral imaging will offer the 
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possibility of detecting vertical shears in these winds and will allow us to determine 
whether the observed changes in the mean zonal wind of the equatorial jet are due 
primarily to changes in the wind at a given pressure level or to an upward shift of the 
visible cloud top after the disturbances of the 1990s. Observations of high latitudes 
in both hemispheres will allow us to extend our knowledge of the jet structure on 
Saturn farther poleward than was possible with Voyager, just as we did on Jupiter 
(Porco et al., 2003), though observations of the north pole will not take place until 
after the nominal 4- year mission when that pole is finally illuminated by sunlight. 
Accurate observations of flow curvature can be combined with potential vorticity 
conservation and mixing concepts to learn more about the state of the atmosphere 
below the visible cloud level (cf. Dowling and Ingersoll, 1989; Allison et al., 1995; 
Allison, 2000). However, observations of mean zonal winds alone are not sufficient 
to constrain the responsible dynamical mechanisms. 

To understand jovian planet dynamics at the process level, additional information 
is required. 

(a) Voyager imagery indicates a variety of eddies on the jovian planets. Do these 
eddies maintain or deplete the jets (Ingersoll et al., 2000), or is their role only 
secondary to that of other processes? Are the important drivers tied to deep- 
seated convection or do they originate in a shallower “weather layer” near and 
below the visible cloud tops? To understand Saturn’s heat and momentum bud- 
gets, we must observe eddy fluxes and eddy-mean kinetic energy conversions. 
Estimates from Voyager cloud-tracked winds exist, but the sampling is inade- 
quate and perhaps biased. Over a period of three Saturn rotations (1.25 days) of 
useful imaging for cloud tracking (at resolutions of 50-100 km/pixel). Voyager 
obtained about 800 wind vectors, about 10% of that observed by Voyager at 
Jupiter because of Saturn’s lower contrast at visible wavelengths. RMS devia- 
tions from the mean wind speeds at different latitudes varied inversely as the 
square root of the number of observations, indicating that real eddy motions 
were not being measured, i.e., a S/N < 1. For Cassini to diagnose eddy motions 
reliably, a 10:1 S/N is required, necessitating a wind vector inventory 2 orders 
of magnitude larger than that acquired by Voyager. 

(b) Mean meridional motions are diagnostic of deviations from geostrophic bal- 
ance and hence provide clues about either thermally forced overturning circula- 
tions or mechanically driven (i.e., by eddy momentum flux convergences) cells. 
The sign of the convergence of the meridional wind indicates the global pat- 
tern of upwelling and downwelling and thus gives insights into cloud formation 
and dissipation processes as well as observed spatial variations in condensable 
gas concentrations. Meridional winds are anticipated to be several orders of 
magnitude weaker than mean zonal winds and perhaps comparable to the eddy 
wind components. Thus, the observational requirements are similar to those 
described in (a). In addition, since pointing errors can alias a small fraction 
of the zonal wind into a spurious first-order meridional wind, monitoring of 
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meridional motions requires that NAC cloud-tracking mosaics be accompanied 
by single-frame WAC images of the entire planet (or at least a large fraction that 
includes much of the bright limb) for the most accurate navigation possible. 

(c) The objective information acquired from circulation statistics is only one of 
the two complementary ways of observing Jovian planet dynamics. By creating 
movies of the Saturn atmosphere in motion, we can observe the life cycle of 
vortices as they merge, split, or oscillate (Ingersoll, 1990; Polvani et al, 1990; 
Li et al, 2004; see movies of the Jupiter atmosphere at http://ciclops.org). 
The nature and time scales of these nonlinear interactions provide information 
about the vertical structure and depth of the layer in which they occur and 
hence constrain candidate theories for their formation. Movies also allow us 
to visually observe the eddy-jet interactions responsible for the eddy fluxes 
described earlier. They can be used to determine propagation characteristics 
of planetary-scale and mesoscale waves, which in turn constrain the unknown 
deep vertical stratification (cf. Allison etal, 1990). Finally, movies can capture 
the rapid evolution of small-scale clouds typically interpreted as being the 
visible evidence of outflow at the tops of deep convective updrafts and hence 
diagnostic of Saturn’s deep water abundance and stability. The presence of near- 
infrared continuum, weak methane, and strong methane band filters on the NAC 
allows us to determine the optical thickness and top heights of such clouds and 
more confidently identify them as the products of moist convection (Banfield et 
al, 1998; Gierasch et al., 2000; Porco et al, 2003). The observational strategy 
for Saturn movies is repeated multi-spectral global and regional imaging; a 
proper imaging sequence design can satisfy the requirements for both movies 
and cloud-tracking simultaneously (Porco et al., 2003). 

(d) All the strategies described earlier infer information about the deep Saturn at- 
mosphere indirectly from cloud-level signals. An opportunity for more direct 
sensing of deeper levels arises if Saturn has a sufficient inventory of water to 
experience deep moist convection (cf. Del Genio and McGrattan, 1990; Hueso 
and Sanchez-Lavega, 2001). If the lapse rate above the condensation level 
exceeds the moist adiabatic lapse rate, cloud-scale updrafts may be vigorous 
enough in some places to mix supercooled liquid water above the freezing 
level into regions of ice formation, and the resulting interaction can be ex- 
pected to generate lightning. Jupiter lightning and moist convection detection 
by Galileo and Cassini (Little et al., 1999; Porco et al., 2003) has shown that 
convective storms occur only on the poleward sides of the eastward jets, i.e., 
in the cyclonic shear zones. This observation has broad implications because 
it implies that the belts are regions of net upwelling motion and convergence 
at depth, just the opposite of the traditional picture (Ingersoll et al., 2000; 
Porco et al., 2003). ISS results at Jupiter also confirmed that convection and 
lightning have different latitudinal distributions, implying cooler temperatures 
at higher latitudes above the condensation level. Finally, differences in light- 
ning frequency on Jupiter seen through a narrow-band Cassini ISS filter and a 
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broad-band Galileo filter can be interpreted as an indicator of super-solar water 
abundance (Dyudina et ah, 2004). Thus, our goals at Saturn are to detect both 
moist convection and lightning, map tbeir latitudinal distributions, and define 
the spectral characteristics. 

The science objectives described earlier can be met with the following observational 
strategies. 

On day-side apoapsis orbits. 

• The majority of imaging for atmospheric dynamics will take place on orbits 
with distant day-side apoapses (of order 60 Rs or greater, ideally) at low phase 
angles. This allows for maximum contrast in cloud features formed in reflected 
sunlight (a priority on Saturn, whose overlying haze reduces feature contrast 
relative to Jupiter), and allows global coverage to be obtained at resolutions 
comparable to that of Voyager with reasonably sized NAC mosaics plus single 
WAC frames of the globe for navigation. The best opportunities occur on orbits 
49-52, when we will acquire repeated near-global mosaics near apoapsis (Fig- 
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Figure 8. Typical mosaic of NAC frames of Saturn from the apoapsis of Rev 49, one of the most 
distant in the tour, which constitutes a single ‘picket’ or snapshot of the planet as it rotates. Mosaics 
like these are repeated every 1 .75 h over a Saturn rotation, and then again over weeks (minus downlink 
periods), to form movie sequences for studying atmospheric dynamics. 
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Figure 9. Typical ISS NAC mosaic of Saturn in 13 spectral filters early in the tour on Rev A for the 
study of atmospheric dynamics and spectrophotometry. 

ure 8) in two filters (methane band and continuum) and higher-resolution strip 
mosaics along specific latitude bands outbound and inbound near 40 Rg in six 
filters. 

• Similar opportunities occur to a lesser extent during 96 days on approach to 
Saturn at lower spatial resolution and intermediate phase angles (Figure 1) but 
with better spectral coverage (generally, five or more visible and near-IR filters) 
and in orbit A, when moderate phase angles are sampled at very large distances 
(Figure 9). 

• During orbits 4-20, when apoapses are close to 40 Rs and phase angles moderate, 
two-color mosaics will be acquired in high-resolution longitudinal strips at 
different latitudes. 



Each mosaic usefully observes only about a 70° wide swath on Saturn centered 
on nadir (outside this range, foreshortening and contrast loss due to the increasing 
slant path limit feature discrimination), and it is necessary to observe each meridian 
once per Saturn rotation to detect motions at all longitudes. To accomplish this, we 
will acquire mosaic sequences every 1.7-2.13 h as often as possible while the 
spacecraft is at least 60 Rs distant from Saturn. 
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On night-side apoapsis orbits. 

• Lightning storms flash once every few seconds, and the camera shutter must be 
open at least that long to reliably see the flashes. However, a day-side image 
saturates at these long exposures, so the lightning search must be conducted 
on the night side. At Saturn, reflected light from the rings illuminates much of 
the night side and tends to saturate the long-exposure images, though the rings 
will become fainter and this effect will be diminished as the tour progresses 
and the Sun descends towards Saturn’s equator plane. During the Cassini tour, 
the best place to avoid both ring shine and direct sunlight is the north polar 
region, because the rings are over the horizon at latitudes greater than ~65° 
and the north pole is in darkness during this season. Orbits 27-36 offer the best 
opportunities, because apoapse is over the north pole. 

• We will also search for lightning on the large-apoapsis, high phase angle or- 
bits 21-28, which offer better spatial coverage albeit with the potential for 
more ring-shine contamination. We will use a mix of exposure times and fil- 
ters (broad-band clear, broad-band red, and narrow-band Ho;) to determine the 
best lightning detection strategy and to define its spectral signature. The spa- 
tial distribution, spectral range, and temporal variation of the emissions all are 
of interest. Because the distribution of lightning is not known, sequences are 
designed to scan the night-side atmosphere. In some cases, the same terrain is 
viewed on the day and night sides so that lightning strikes can be associated 
with specific cloud structures. A multi-instrument auroral campaign occurs in 
orbits 70-74. 

‘Feature track’ sequences target specific atmospheric regions with NAC or 
WAC mosaics during several periapsis portions of orbits, when the NAC FOV 
is smaller than Saturn. Multi-spectral, spatial mosiacs are acquired at several 
time steps, following a particular feature from day side to night side as was 
done by Galileo and Cassini at Jupiter (Little et al., 1999; Gierasch et al., 2000; 
Porco et al., 2003). The day-side images allow one to study motions, cloud 
heights, and radiative properties, and the night-side images allow one to look for 
lightning. Targets vary throughout the tour, but include the equatorial and polar 
regions. 

2.2.3. Auroral Phenomena 

Trauger et al. (1998) present images taken by the HST of Saturn’s UV aurora. The 
observations show the bright auroral arc on the day side of the planet. In contrast, 
ISS can image the aurora in visible light on the night side of the planet, and with 
much higher spatial resolution, than HST; it did so at Jupiter (Porco et al., 2003). 
These differences are important for several reasons. First, the visible emissions 
represent less energetic processes than the UV emissions, and may be occurring by 
different mechanisms. Second, the day/night differences may reflect differences in 
the magnetic field upstream and downstream of the planet in the solar wind flow. 
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Third, the higher spatial resolution yields edge-on views of the limh that give the 
altitude of the aurora. One can also study the relation of the aurora to magnetic field 
lines and the time-dependent behavior of small features within the aurora. Such 
features might he monitored hy particles and fields instruments as the spacecraft 
flies through the magnetic field lines that connect to surface features seen hy ISS. 

Aurora observations were made at Jupiter by Galileo (Ingersoll et al., 1998; 
Vasavada et al., 1999), and have proved useful in all the above ways. Cassini 
repeated the Galileo observations 4 years later (Porco et al., 2003), and observed 
changes in position over periods of 10 h, 12 days, and 4 years. Some changes are 
due to local time-of-day effects at points on the planet. Other changes are due to 
the dynamic nature of the aurora. The Galileo Jupiter observations also revealed 
auroral-type emissions at the base of the magnetic flux tube that connects to lo. It 
will be interesting to see if any of Saturn’s satellites exhibit similar phenomena. As 
with the lightning observations, the best opportunities are on orbits 27-36 when 
the apoapse of Cassini’s orbit is over Saturn’s north pole. 

2.2.4. Combined Studies with Other Cassini Instruments 

Eddy heat fluxes have never been measured on any planet except Earth. Detection 
of correlated wind and temperature fluctuations would be an interesting and funda- 
mental contribution to our understanding of Saturn dynamics, indicating whether 
baroclinic conversion analogous to that which dominates terrestrial midlatitude 
storms occurs on jovian planets. CIRS will retrieve temperatures just above the ISS 
viewing altitudes, though at much lower spatial resolution. CIRS may also retrieve 
the H 2 ortho/para ratio and abundances of condensable gases like ammonia (NH 3 ), 
which are sensitive measures of upwelling and downwelling. Thus, coordinated ISS 
- CIRS scans across the Saturn disk are planned. This is best done near periapse 
when CIRS resolution is <1000 km, which is sufficient to resolve the large-scale 
eddies. Having 10 to 12 of these so-called “feature tracks” would allow one to 
sample all latitudes and dynamical regions. 

Similar comments apply to coordinated VIMS-ISS observations. Because VIMS 
can measure in the strong absorption bands of methane and ammonia, as well 
as in the window regions, it can discriminate both high and low clouds in the 
atmosphere. ISS has a similar capability with filters that are sensitive to methane 
absorptions between 700 and 1000 nm (Banfield et al., 1998). ISS has better spatial 
resolution than VIMS , but VIMS has better spectral coverage. Together they provide 
outstanding information on cloud heights and vertical structure. One goal, not yet 
realized for any of the outer planets, is to directly measure vertical wind shear, e.g., 
the variation of horizontal wind with altitude. 

UVIS is generally sensitive to higher altitudes than ISS and the other instruments. 
Coordinated observations might yield evidence that dynamical features extend from 
cloud top levels into the upper atmosphere. 

The observational strategy for measuring cloud-tracked winds at periapse is 
similar to that employed at Jupiter by both Galileo (Vasavada et al., 1998) and 
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Cassini (Porco et al., 2003). The problem is that the planet more than fills the 
FOV of the Cassini WAC, and the limb cannot be used directly as a reference 
to determine camera pointing. The same problem occurs with Galileo, which has 
no WAC to determine pointing for the NAC. In both cases, camera pointing is 
determined either by mosaicing in from the limb or by referencing to the large- 
scale features and jets, which are nearly steady in time. The small-scale motions 
are then determined relative to the large-scale features. For measurements of eddy 
fluxes and the eddy life cycles, these methods work quite well (Vasavada et al., 
1998). 

The ISS shares many aerosoFradiation science goals with UVIS and VIMS. The 
UVIS will probe to shorter wavelengths than ISS while VIMS will probe at longer 
wavelengths. The shorter UV wavelengths and VIMS data in strong methane bands 
will be more sensitive than ISS to aerosols high in the stratosphere. The combined 
wavelength coverage of all three instruments will more tightly constrain aerosol 
models than is possible with any single instrument. The net radiative heating, which 
can be inferred from measurements with all three instruments, can be combined 
with information on net radiative (thermal-infrared) cooling provided by the CIRS 
instrument to deduce net heating and cooling for studies of stratospheric dynamics 
(West et al, 1992). 



2.3. Saturn’s Rings 

Voyager observations from a variety of experiments (imaging, stellar occulations, 
radio occultations) revealed a remarkable architectural diversity within the rings 
of all four giant planets. Saturn’s rings are representative of all rings in being 
home to many of the types of features found around Jupiter, Uranus and Neptune. 
There are eccentric, inclined narrow rings; non-axisymmetric and sharp ring edges; 
broad, tenuous rings; incomplete arc-like ring segments; small moons ‘shepherd- 
ing’ nearby ring material; tightly wound spiral waves; axisymmetric but radially 
irregular features; azimuthally asymmetric ring brightness variations; and a great 
deal more. A collisional disk if left to itself should spread until it is featureless. But 
Saturn’s main rings are far from featureless. 

Characterizing ring structure at a spatial scale finer, and a spectral range wider, 
than previously possible, determining its root causes, and searching for secular 
changes in the rings both during the multi-year long Cassini mission and since 
the Voyager era are prime objectives of the ISS ring investigations at Saturn. The 
latter in particular, if successful, will provide a direct measure of ring evolution 
time scales - at the heart of which is the rate at which angular momentum is being 
exchanged within and/or removed from the ring - and could definitively replace 
current theoretical and poorly constrained estimates of ring age and lifetime. 

Ring structure may either be externally or internally caused. In the case 
of the main Saturnian rings, consisting primarily of cm- to meter-sized 
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particles - external causes can vary from meteoroid impacts to the gravitational 
perturbations of nearby or distant satellites or the non-sphericity of the planet’s 
gravity field (see Section 2.3.1). Internal causes have their origins in the free me- 
chanical energy derived from the global Keplerian angular velocity shear across 
the rings balanced by the energy dissipation and viscosity that arises from highly 
inelastic particle collisions. Even in the absence of external forcing, radial vari- 
ations in particle number density (i.e., the number of particles per unit volume) 
across the rings may develop and self -perpetuate from initial local radial gradients 
in particular characteristics of the particle distribution: e.g., viscosity or effective 
local velocity shear in the presence of finite-sized particles (see Section 2.3.2). In 
the case of non-collisional tenuous rings made of dust-sized particles, atmospheric 
drag, Poynting - Robertson drag, and electromagnetic effects are among the exter- 
nal causes that can have dramatic and observable effects (Section 2.3.5). In each of 
these processes, a torque is imposed on a local patch of ring, angular momentum, 
the lifeblood of a collisional ring system, is exchanged, and the ring system evolves. 

2.3.1. Ring Structure: External Perturbations 

The greatest success in explaining the origins and gross characteristics of the ring 
features that are composed of particles on longitudinally phased, eccentric and/or 
inclined orbits has been achieved by relying on the perturbations of satellites, 
either outside, or embedded within, the ring system. Most of the structure in the 
intermediate density A ring, for example, can be explained by the interactions with 
external satellites which force a sizable number of density and bending waves in 
the A ring at the location of their gravitational resonances, or by the presence of a 
tiny moon in the rings which opens and maintains a gap and also sculpts its wavy 
edges, such as the Encke gap. (The degree to which perturbations on ring particle 
orbits create visible disturbances in a featureless disk system depends on the ring’s 
natural ability to distribute the change in angular momentum resulting from the 
imposed torque. If the angular momentum removed, deposited or exchanged is less 
than the ring’s natural ability to carry the excess/deficit away from the excitation 
region, then the ring response (if any) will take the form of a wave. On the other 
hand, if the external torque is greater than this natural ring ‘viscous’ torque, then 
the ring will respond by opening a gap, presumably with sharp edges: the particles 
themselves must physically move to accommodate the external driving.) 

However, despite the success in associating ring features with satellite pertur- 
bations, the detailed characteristics of most of these non-axisymmetric features are 
not completely understood. 

2.3.1. 1. Ring Edges. The origin and maintenance of extremely sharp edges 
(</~l km) within the vast expanse of otherwise continuous ring material is of 
considerable interest. ‘Elux reversal’ - the phenomenon by which a resonantly per- 
turbed ring may actually contribute to its own edge sharpening - has been predicted 
to occur in these locales (Borderies et al., 1982, 1983). The two strongest resonant 
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perturbations in Saturn’s rings are in fact responsible for tbe very sharp edges of the 
major rings A and B, as well as for their kinematics and non-axisymmetric shapes: 
i.e., the two-lobed rotating pattern of radial oscillations observed in the sharp outer 
edge of the B ring, and the seven-lobed rotating distortion observed in the outer 
A ring edge, are due to the Mimas 2:1 and the Janus/Epimetheus 7:6 Lindblad 
resonances, respectively (Porco et al., 1984b). 

In a simple model of resonant perturbations, the amplitude of a radial distortion is 
a function of the satellite’s mass and other geometrical quantities. However, in both 
the outer A and B rings, the observed distortion amplitudes, and even the azimuthal 
shape, are not accurately described by the simple model. For the B ring, significant 
residuals (^several kilometers) in the fitted two-lobed model, the extension of the 
outer edge ~24 km beyond the resonance position, and the fact that the distortion 
amplitude of ±75 km is a factor of ~4 larger than would be expected from the simple 
model indicate that other perturbations on the ring particle orbits are present. In 
an interplay of local and external influences, the rings’ self-gravity and viscosity 
may play a role in enhancing the amplitude of the externally produced distortion 
(Porco etal., 1984b); amplification of a standing density wave, excited at the Mimas 
resonance location and reflecting off the sharp outer B ring edge, may also help 
explain the amplitude enhancement as well as the extension of the ring beyond the 
resonance (Namouni and Porco, 2002). High-resolution imaging observations of 
this unusual region, taken over the course of the Cassini mission, will be critical in 
developing a full description of the rings’ shape and behavior, which in turn will 
help constrain the region’s surface mass density and viscosity, quantities that are 
presently unknown. The mass present in the outer B ring may also play a role in 
distorting the narrow Huygens ring 250 km beyond in the Cassini Division (Turtle 
et al., 1991, 1992; Section 2.3. 1.5), another reason why examination of this region 
is particularly interesting. 

Understanding the confinement of the outer A ring edge offers a special chal- 
lenge. Analysis of Voyager imaging and occultation data indicated that the shape 
and kinematics were consistent with a seven-lobed distortion rotating with the mean 
angular velocity of the co-orbital satellites. However, as with the B ring, the ampli- 
tude (± ~7 km) is larger than predicted from simple resonant perturbations, and the 
latter are complicated by the presence of many potential components with slightly 
different pattern speeds. These arise from the frequency splittings associated with 
two fundamental frequencies: the mean orbital frequency of the two satellites and 
their libration frequency (Section 2.3.1; Porco et ah, 1984b). The ‘side-band’ reso- 
nances are spaced at ±3 km on either side of the central resonance; the uncertainty 
in the A ring outer edge is ~8 km, so it is unclear which, if any, is the dominating 
resonance and how the side resonances affect the observed behavior. (The satel- 
lites’ eccentricities, and the uncertainty in the exact mass ratio of the co-orbitals, 
complicate this brew even further.) 

Nonetheless, an interesting opportunity to examine this unusal configuration 
is presented by the swapping of orbits that the co-orbital satellites, Janus and 
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Epimetheus, will undergo in early 2006. Any resonances produced by these bodies 
should shift by measureable amounts as the outside moon moves to the inside track 
and the inside moon moves to the outside. This is a unique opportunity to see the 
rings respond to a very specific external stimulus. Although theory suggests that 
the edge region will take several months to settle into the new regime, valuable 
information on the physical properties of the rings will be gained by observing 
the switch and its consequences. High-resolution observations of this region, and 
adequate azimuthal coverage of the ring’s edge, both prior to the switch and after, 
to monitor the response of the ring system, are required. The changing response 
of the rings at other resonances produced by these satellites (e.g., density waves 
throughout the A ring; see the following paragraphs) will also be examined. High- 
resolution radial scans of the entire ring region are planned to straddle the orbit 
switch. 

23.1.2. Waves. The rings, particularly the outer A ring, contain dozens of den- 
sity waves (Cuzzi et al., 1981) and a few bending waves (Shu et al., 1983). These 
tightly-wound spiral waves are excited by Saturn’s moons Prometheus, Pandora, 
Janus, Epimetheus, and Mimas (Eissauer, 1985; Gresh et al., 1986; Rosen et al., 
1991). The waves typically damp within ~100 km of the resonance at which they 
are excited, and the wave region generally contains ~10 cycles of the wave. 

The forcing and damping of density and bending waves is a major and impor- 
tant problem in planetary ring dynamics. In principle, the observations of decaying 
waves provide a tool for probing the particles’ physical properties and nature of the 
disk: the local ring surface mass density can be estimated through measurement 
of the variation in wavelength with distance from the resonance, and the damping 
rates inferred from the decrease in wave amplitude with distance can be used to 
derive an estimate for the local ring viscosity, and hence, the elastic ring particle 
properties. However, these results suffer from the fact that none of the theories 
of wave propagation, either linear or nonlinear, completely describe the observa- 
tions as they presently stand. The strongest waves in Saturn’s rings are all highly 
nonlinear, and radial profiles through the crests of the waves are generally noisy. 
Improved profiles of density waves, and improved measurements of the heights of 
bending waves from Cassini imaging and occultation observations, will aid this 
situation enormously. Also, as indicated earlier, the co-orbital satellites’ swap and 
the consequent response of the ring to a changing external stimulus should help 
in independently ascertaining the A ring’s internal properties, such as the ring’s 
viscosity, in a perturbed region, a needed ingredient in interpreting density waves. 

2. 3. 1.3. Satellite Orbital Evolution. The generation of spiral density waves at 
the location of a Eindblad resonance with a satellite leads to an exchange of orbital 
angular momentum. The net consequence is a secular evolution of the satellite orbit 
away from the rings. The exact rate of orbit expansion for a given satellite depends 
on parameters such as the surface density of the rings and the mass of the satellite. 
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Thus, in principle, if a satellite’s mass is known, an observation of a secular change 
in its orbit can yield (i) a direct measure of the rate of ring evolution and (ii) a 
measure of the ring’s surface mass density. However, with the exception of Janus 
and Epimetheus, the masses of the small satellites of Saturn are essentially unknown. 
Also, complications arise due to the mutual perturbations of the satellites on each 
other, which can also lead to changes in their orbital elements. The net drift rate 
of a satellite drawing angular momentum out of the rings at a Lindblad resonance 
will be slowed if it is in resonance with another satellite. 

Prior to 1995, the best candidate for deducing the rate of angular momentum 
exchange between a satellite and the rings was Prometheus which drives a number 
of resonances within the A ring. Its orbit was expected to expand sufficiently rapidly 
that by 1995, over 14 years after the Voyager flybys, when the Sun and Earth passed 
through Saturn’s ring plane as Saturn orbited the Sun, it should have lagged behind 
its expected Voyager-derived position by ~0.2° . However, a lag that was 2 orders of 
magnitude larger than this was observed (Bosh and Rivkin, 1996; Nicholson et al., 
1996). Eurther, observations since 1995 using the HST indicated a similar problem 
with the orbit of Pandora. Both orbits changed again in late 2000 (Erench, 2003). 

This is now known to be due to the chaotic environment in which the two moons 
reside - a circumstance initially pointed out by Borderies etal. (1984), subsequently 
detailed by Goldreich and Rappaport (2003a,b) - as well as the fact that every 6.2 
years, the apsidal lines of Prometheus and Pandora become anti-aligned, bringing 
the satellites very close to each other. Other effects are certainly present in their 
orbits, such as a nearby Mimas 3:2 resonance. 

One major objective of the ISS investigations at Saturn is refinement in the 
orbital elements of the known satellites, including Prometheus and Pandora, and 
a measure of their periodic and secular (if any) changes with time. An orbital 
integration of the whole satellite system will likely be needed to derive estimates of 
individual satellite masses from their mutual perturbations and to detect any secular 
changes due to these interactions or ring torques. Images are planned to capture 
all the known satellites at various points in their orbits and throughout the tour for 
just this purpose; many ring images will serendipitously capture the ring region 
satellites over the course of the mission. These measurements will be combined 
with observations of these bodies made by Voyager 25 years earlier and HST in the 
interim. Relative precisions in the orbital elements of the known small satellites of 
An/n ~ 10^^,and Ae/e ~ Ai/i 10^“^ can be expected by the end of the nominal 

4-year orbital tour. 

Eor geophysical purposes as well, the satellite densities are of great interest. 
Janus, Epimetheus, Prometheus and Pandora are all believed to be very porous, 
with densities less than 1 g/cm^. The fact that the densities of most of the small 
satellites and even of the ring material itself are unknown highlights the need to 
obtain masses of objects by observations of their gravitational effect on other bodies, 
since no targeted flybys from which mass might be determined from spacecraft 
tracking are planned. We require good size and shape models of the satellites in 
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order to determine their densities. Images to capture ring region satellites at high 
resolution are planned for this purpose. 

23.1.4. Planetary Acoustic Oscillations. Traveling ascoustic oscillations 
within the body of Saturn, in particular the low degree f-mode oscillations which 
have the potential to create the largest disturbances among all the modes, have been 
suggested (Marley and Porco, 1993) as a source of particular waves observed in 
the inner C and D rings (Rosen et al., 1991). Present application of this idea is 
hampered by an incomplete description of the waves in question and the ambiguity 
in the assignments of particular waves to particular f-modes. Cassini observations 
are planned to ascertain the nature of these features and test the acoustic oscillation 
hypothesis. 

2. 3. 1.5. Gaps, Embedded Moons and Ringlets. Saturn’s rings contain about a 
dozen true gaps, defined as regions with r 0.01, with widths ranging from ~20 
to 400. As stated earlier, gaps may be opened by very strong resonances; e.g., the 
Mimas 2:1 resonance that sculpts the outer B ring edge is also responsible for the 
Huygens gap in the inner Cassini Division (Goldreich and Tremaine, 1978). But 
gaps may also be opened by an embedded moon, and the requirement for doing so, 
and the size of the resulting gap, depend on the balance between the torque imposed 
by the satellite and the ring’s natural viscous torque. In the only case known so far, 
the 10-km-radius moonlet Pan clears the 325 -km wide Encke Gap in the outer A 
Ring (Showalter, 1991); this configuration is consistent with the density of Pan 
being similar to that for Janus and Epimetheus (~0.6 g/cm^) and a viscosity found 
for the A ring by the examination of density waves: ~100 cm^/s. 

Pan also causes the Encke Gap to have wavy edges (Cuzzi and Scargle, 1985) 
with a wavelength of 0.7°, and causes quasi-periodic optical depth fluctuations 
(“moonlet wakes”) in the surrounding A ring (Showalter et al., 1986; Eewis and 
Stewart, 2000). In fact, the presence, mass and separation of a small satellite can 
be deduced by detections of edge waves and wakes in a gap’s edges, owing to 
the gravitational impulse that the satellite imparts to passing ring particles and 
consequent excitation of orbital eccentricities in the ring particles. Pan was, in fact, 
discovered by its perturbations on the edges of the Encke gap. 

The Encke gap also contains unusual arc-like and contorted ring segments, one of 
which appears to be the same orbit as Pan and may even be gravitationally confined 
by if . There are few images of f hese rings ; fhey may have a similar relafion fo Pan fhaf 
fhe Nepfune ring arcs have fo fhe moon Galafea (Porco, 1991). ISS will undertake 
a survey fhe Encke gap fo cafalogue all edge- wave phenomena and characferize fhe 
unusual rings wifhin fhe gap. 

Edge waves were also defected in fhe 35 km wide Keeler gap (Cooke, 1991) al 
fhe ouler pari of fhe A ring bul Voyager provided limiled azimulhal coverage and 
no salellile has been detected in fhe gap. The Keeler gap is also more puzzling lhan 
fhe Encke gap because fhe observed edge waves appear fo have varying wavelenglh 
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and the observed amplitude implies the presence of a satellite that should have been 
detected by the Voyager cameras. One possibility is that more than one satellite is 
involved. 

A number of genuine narrow gaps in the Cassini Division, the Keeler Gap in 
the outer A Ring and a few in the C ring are presumably caused by small moonlets, 
but the putative bodies have not been observed. Narrow (and frequently eccentric) 
ringlets are found in many of the gaps and are in some cases close analogs of 
the Uranian rings (Porco, 1990). Numerical simulations show that ringlets like the 
Huygens ringlet in the inner Cassini Division or those in the C ring can form at iso- 
lated Lindblad resonances (Hanninen and Salo, 1994, 1995; Goldreich et ai, 1995; 
Rappaport, 1998). The Colombo Gap in the C ring is associated with the relatively 
strong Titan 1 :0 apsidal resonance. This resonance dominates the kinematics of a 
narrow eccentric ring within the gap and may be an example of a resonance that 
simultaneously maintains a gap and shepherds a narrow ring (Porco et al., 1984a). 
On the other hand, the Maxwell gap in the C ring and the narrow eccentric ringlet 
that resides in it are not associated with any resonance. Presumably a small so-far- 
undetected moonlet is both creating this gap and shepherding the ring. Moonlets in 
these gaps in the C ring, where the viscous stresses are likely to be smaller, could be 
on the order of a few kilometers in radius and still clear their host gaps. Other gaps 
throughout the rings, similarly bereft of any definite cause, may also host small 
moons. 

The non-axisymmetric structures detected at the edges of the A and B rings 
and the Encke and Keeler gaps, and the narrow eccentric rings in the Maxwell 
and Colombo gaps, are all regular in nature and reasonably well understood. In 
contrast, the chaotic-looking structure in the F ring system has yet to be satisfactorily 
explained. The two so-called “shepherding” satellites, Prometheus and Pandora, 
are expected to produce wave-like structures on the various components of the 
ring but the Voyager images show a more confused picture, with strong evidence of 
variability in the F ring region on a variety of time scales. Some of the F ring strands 
appear to be intertwined in Voyager 1 images and then to be a series of parallel 
strands in Voyager 2 images 9 months later. Clump-like structures were observed 
in Voyager and HST images that apparently persist for no longer than 9 months. 
The ring is seen to brighten locally, perhaps due to meteoroid impacts (Showalter, 
1998) or tidal breakup (Nicholson et al, 1996). Some of these phenomena, such 
as strand alignment and the unusual azimuthal structure, suggest the presence of 
small satellites undetected by Voyager. What is lacking is complete, high-resolution, 
azimuthal coverage of the ring and its surrounding region at different epochs in order 
to determine the structure and monitor its evolution. 

A major objective of the ISS ring imaging investigation, and one for which a 
substantial number of images is planned, is a search for moonlets in gaps in the main 
rings and outside the A ring in the F ring region, a search for their gravitational ef- 
fects on nearby ring material and the determination of their orbital elements. (In the 
absence of direct detections of a satellite, the observations of edge waves and other 
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perturbing effects on surrounding ring material can be used as a diagnostic tool to 
infer a satellite’s existence and, with sufficiently good data, its orbital and physical 
parameters.) These will be conducted by imaging over 360° of longitude when the 
spacecraft is at reasonably high latitude and has a more-or-less uninterrupted view 
of the rings. (Other supplemental observations directed towards this end, which will 
be less taxing on spacecraft resources, are movie sequences of the ansa of a ring fea- 
ture or gap, generally at lower resolution, to observe material and possibly moons 
moving through the FOV.) Selected targets for the high-resolution azimuthal scans 
and the ansa movies are the F ring, the Keeler gap (which will also capture the outer 
edge of the A ring), the Encke gap, the inner and outer Cassini Divisions, several 
gaps in the C ring, and the D ring. Because the structure expected in these regions 
- either edge waves or narrow, eccentric ringlets or complex F ring structure - is 
expected to evolve with time, and because precise orbits for embedded moonlets are 
desired for investigations of their dynamical interactions with surrounding ring ma- 
terial, these azimuthal scans and movies are repeated at various times over the 4-year 
mission. For the F and Encke ringlets, observations are planned when the spacecraft 
is close to the planet and at high phase, where these dusty rings are brightest. 

The same data sets will be used to delineate the orbits, and investigate the 
kinematics, of any eccentric rings or ring edges within or forming the gap. As a 
general rule, the kinematic behavior of such features is predominantly influenced 
by the planet’s non-spherical gravity field, perfurbafions by bofh disfanf and nearby 
safellifes and rings, and by fhe self-gravily of fhe consfifuenl ring parficles (Porco 
et al., 1984a; Porco and Nicholson, 1987). The greafer fhe accuracy fo which fhe 
kinematics are known, fhe greater fhe degree fo which fhese individual confribufions 
may be separated. The addition of dafa collecfed during fhe ground-based 28 Sgr 
occulfafion by Safurn’s rings fo fhe pool of Voyager imaging and occulfafion dafa on 
fhe behavior of fhe narrow Huygens ring oufside fhe B ring confirmed fhaf fhe ring 
consisfs of a freely precessing, simple ellipfical componenf (commonly observed in 
narrow eccenfric rings of Safurn and Uranus) as well as a double-lobed componenf 
apparenfly forced by bofh fhe nearby Mimas 2:1 resonance and fhe double-lobed 
shape of fhe outer edge of fhe B ring ilself (Turtle et al., 1991). Cassini observations, 
in concert wifh Voyager and previous ground-based occulfafion observations, will 
permif fhe search for additional modes in ofher narrow rings. Einally, a slighf, buf 
as yef unmeasured, inclination fo fhe E ring may accounf for many of fhe properties 
displayed by fhe sysfem as a whole during fhe 1995-1996 ring-plane crossing 
(Nicholson et al., 1996). Developing accurafe shape and kinemafical models for 
all of Safurn’s eccenfric and inclined ringlefs is a high priorify of fhe Cassini ISS 
invesfigafion. 

The observations of safellifes in gaps, and fhe accurafe deferminafion of fheir 
orbifal elemenfs, are key fo undersfanding fhe fundamenfal dynamical inferacfions 
befween a body and ifs hosf particle disk, whefher if be a moon in Safurn’s rings 
or a profo-planef carving ouf a gap in fhe exo-solar disk from which if has formed. 
If is nol clear whefher or nof, in fhe case of Safum’s rings, fhe body’s orbif will 
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be circular or eccentric, and the outcome will decide the nature of the ring-moon 
interaction as well as guide interpretation of astronomical observations of exosolar 
disks and their phenomenology. To improve on the high-resolution azimuthal scans 
and lower-resolution ansa movies targeted to gap regions where moons are expected 
to be, retargettable observations are planned in which the target can be decided 
shortly before uplink of commands to the spacecraft. Any moon discovered in a 
gap and whose orbital parameters are known well enough to predict its location at a 
future time will be imaged again using these ‘place-holder’ opportunities. Multiple 
observations at different positions in an orbit of an embedded moon are essential 
to detect the anticipated radial excursions of any eccentric orbit: i.e., no larger than 
half the gap’s width. Relative precisions in orbital elements of An/« ~ 10“*^ to 
10“*^, and Ae/e A/// ~ 10“^ from both planned searches of gaps and follow-on 
retargetable observations are expected by the end of the nominal 4-year orbital 
tour. 

2.3.2. Ring Structure: Internal Causes 

In marked contrast to many of the non-axisymmetric structures described earlier 
for which some degree of success has been achieved in devising an explanation, 
almost all the fine-scale structure that is observed throughout the optically thick 
B ring (Figure 10) is still unexplained and not even fully characterized. This 
ring region exhibits large, radially irregular, axisymmetric variations in brightness 




Figure 10. Voyager image of the lit face of Saturn’s B ring covering a region ~6000 km across. The 
narrowest features here are 4 km wide. There are no gaps in this image: variations in brightness across 
the rings are due to a combination of differences in ring particle density and light scattering properties. 
All of the features in the image remain unexplained. 
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at the smallest scales observable in Voyager images (4 km), up to the dominant 
spatial scale of 100 km (Horn and Cuzzi, 1996); some of brightness variations ap- 
pears to vary with ring longitude. There are few resonances in this region. There 
has been some suggestion that this structure represents not the usual radial vari- 
ations in optical depth but in ring particle albedo, instead. The presence of this 
irregular structure, regardless of the cause, is surprising because the time scale on 
which such irregularities should be removed is shorter than the estimated age of the 
rings. 

Various explanations for this irregular structure have been proposed since the 
early 1980’s. Depending on the surface mass density of the ring, dynamical instabil- 
ities such as the diffusion instability (or ‘viscous instability’ ; e.g.. Ward, 1981), and 
the pulsation instability (or ‘viscous overstability’; e.g., Schmit and Tscharnuter, 
1999; Schmidt et ah, 2001) can be active and lead to the formation of axisymmet- 
ric structure. (The latter can also lead to non-axisymmetric structure.) A diffusion 
instability could occur in regions where the viscosity arises from the momentum 
transport associated with the random motions of the particles. A pulsation insta- 
bility prevails when the viscosity is dominated instead by non-local momentum 
transport through a densely packed region of particles without particle transfer. 
In the case of the B ring, where the optical depth is large and the filling factor is 
high, the diffusion instability is unlikely to be a contender as the explanation of 
the irregular structure, and the pulsation instability apparently gives rise to sub- 
kilometer structure in dense rings, unlike the 100-km scale structure observed in 
the outer B ring (Schmit and Tscharnuter 1999; Salo et al., 2001; Schmidt et 
ciL, 2001). A third possibility is the presence of liquid-solid phase transitions in 
the B ring, and a suggestion has recently been made (Tremaine, 2002) that shear- 
dependent cohesive forces among the ring particles could lead to nested and narrow 
annuli of ‘solid’ and ‘liquid’ regions. In this case, the resulting irregular struc- 
ture would depend on how the tensile strength responds to the Keplerian shearing 
motion. 

Clearly, structure throughout the B ring has to be spatially and temporally char- 
acterized. The degree to which it is caused by albedo variations, perhaps due to 
random meteoroid impact events, needs to be determined. Radio and stellar oc- 
cultations, together with high-resolution imaging observations, will be needed to 
determine the variation in optical depths across the region, as well as the char- 
acter of the region at scales less than 4 km, the smallest that Voyager images 
were able to achieve. Models for the response of the ring to the Mimas 2: 1 res- 
onance and the effect of this ring region on the dynamics of the Huygens ring 
will also be valuable in providing an independent estimate of the surface mass 
density and viscosity in this region. Understanding how a dense ring, essentially 
left to itself, forms detailed structures like the one observed in the outer B ring 
will prove illuminating in understanding disk structures of much larger scale, 
like the proto-solar nebula, exo-solar disks around other stars and even the spiral 
galaxies. 
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2.3.3. Photometric Studies of Saturn’s Rings: 

Particle Properties and Disk Structure 

The largest partieles in Saturn’s rings in any substantial number are of order 10 m 
in radius (Zebker et al., 1985; French and Nicholson, 2000), and the ring thickness 
is likely to be of the same order. By contrast, even the images taken closest to the 
rings during SOI will have resolutions of ~100 m/pixel. Thus, the ISS will not 
image the ring particles directly. In order to infer the nature and spatial distribution 
of the ring particles (e.g., the ring thickness), we must use indirect means. 

One such method is to measure the reflected or transmitted brightness (1/F) of 
the rings in different geometries. Such geometries include the sunlit and unlit faces 
of the rings, and in backscatter (nearly “full” phase, i.e., opposition, or near-zero 
solar phase angle) and forward scatter (nearly “new” phase, or near 180° phase 
angle). As measured by cross-sectional area, or optical depth, most particles in the 
main rings are much larger than the wavelength of visible light. Such particles are 
strongly backscattering. At visual wavelengths, the reflectivity of the main rings 
is dominated by singly scattered sunlight in backscatter, and by multiply scattered 
sunlight and singly scattered “Saturn- shine” in forward scatter. 

By contrast, the F ring and the tenuous D, E and G rings are dominated by 
microscopic “dust” particles, and these rings are brighter in forward-scattering 
geometries due to the diffraction of light by wavelength-sized particles. Multiple 
scattering is negligible for the D, E, and G rings (and generally for the E ring as well). 

Many published photometric models of Saturn’s rings (e.g. Cuzzi et ah, 1984; 
Dones et al., 1993) use the formalism of classical radiative transfer, which in 
its simplest form assumes a vertically thick, horizontally homogeneous ring 
(Chandrasekhar, 1960). Such models are convenient because multiple scattering 
can easily be calculated using, for example, an adding-doubling code (Hansen and 
Travis, 1974). However, even if the rings were at first physically thick, collisions 
would rapidly flatten them until they were only a few particles thick (Jeffreys, 1947 ; 
Brahic, 1977; Wisdom and Tremaine, 1988). Dones et al. (1993) noted a number 
of discrepancies between classical models and the measured HP of the A ring, such 
as its low brightness at large phase angles. More realistic models in which the rings 
are physically thin and/or clumpy have recently been formulated, and have gone a 
long way in resolving the disagreements between models and observations (Porco 
et al., 2002; Salo and Karjalainen, 2002). 

Specifically, the so-called “azimuthal asymmetry” in Saturn’s A ring, a 
quadrupole variation of the ring’s reflectivity seen in ground-based. Voyager, 
HST, and radar images (Thompson et al., 1981; Smith et al., 1981; Dones 
et al., 1993; Erench et al., 2000; Nicholson et al., 2000) is thought to be 
caused by the presence of transient “wakes” of much-enhanced particle den- 
sity in the rings that form due to local gravitational instabilities and then shear 
out (Eigure 11; Colombo et al., 1976; Eranklin and Colombo, 1978; Dones 
and Porco, 1989; Salo, 1992, 1995; Richardson, 1994; for an animation, see 
http://www.astro.umd.edu/~dcr/Research/ringpatch.mpg). 
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The separation and length of these wakes is of order 100 m; their long axis trails 
the direction of motion of the ring particles hy some 26°. Because the number of 
particles contrihuting to the reflected light seen hy an observer depends upon the 
orientation of the wake, the ring brightness has minima about 26° from the ring 




(A) 



Figure 11. (A) A snap-shot taken from a large-scale computer dynamical simulation (Porco et al., 
2005) showing 220,000 particles in Saturn’s mid-A ring after 10 complete orbits. (The middle panel 
is 230 m X 580 m; the panels above and below are the the sliding patches which accomodate periodic 
boundary conditions.) Parameters for optical depth, particle size distribution, surface mass density and 
particle elastic properties characterizing the A ring were used in this simulation. The radial direction 
is up; orbital motion is to the left. At this stage, the evolution of the system is characterized by the 
rapid (one orbit) formation, dissolution and reformation of filamentary wake-like structures with a 
pitch angle of ~26° to the azimuth and an average separation of 100 m, in agreement with theory. 
(B) The innermost 190 m x 190 m portion of (A) containing ~52,500 particles, illustrating expected 
particle distribution. Figures courtesy D. Richardson, U. Maryland. 



(Continued on next page) 
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(B) 

Figure 11. (Continued). 



ansae. Recently, two groups have performed realistic simulations of the asymmetry 
that incorporate both large-scale N-hody simulations and ray-tracing photometric 
modeling (Porco eta/., 1999, 2001; Salo etal., 1999, 2000). These simulations show 
hroad agreement with the observed properties of the asymmetry, with the exception 
of the amplitude which has not yet been successfully modeled. The amplitude of the 
asymmetry depends upon several parameters, including the surface mass density of 
the rings and the coefficient of restitution, which measures the degree of elasticity 
during interparticle collisions. Further modeling of the asymmetry should provide 
an excellent probe of the properties of the rings, such as their viscosity (Daisaka et 
al., 2001). By contrast, analysis of spiral density and bending waves, which thus far 
have provided much of our understanding of the rings’ mass density and viscosity. 
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provides information on parts of the rings that have been strongly perturbed by 
external satellites. Wave regions typically have larger values of mass density and 
velocity dispersion, or viscosity, than unperturbed regions (Shu, 1984). 

During SOI the putative wakes in the A ring may be marginally resolved by 
the NAC. Direct confirmation of their existence would provide an important test of 
dynamical models, as well as a measure of the surface mass density in the A ring 
(since the spatial scale of the wakes is determined by this quantity), and would help 
to remove ambiguities in modeling of the rings’ reflectivity measured at grosser 
resolution throughout the main tour. 

Ring color, in particular its variation across the rings, is also of interest as it may 
relate to ring origin and ongoing processes which alter ring particle surfaces like 
meteoroid bombardment and interaction with the magnetosphere. The particles in 
the C ring and Cassini Division are generally darker, less red, and smaller than those 
in the B and A rings (Cuzzi et ai, 1984; Esposito et al., 1984; Estrada and Cuzzi, 
1996; Erench and Nicholson, 2000). The significance of fhese differences and fhe 
presence of color differences on smaller spatial scales will be sought. Images taken 
on approach to Saturn in 2004 already show color variations across the B ring 
(Eigure 1). 

Another photometric phenomenon which is diagnostic of ring structure is the 
opposition effect in which the ring brightness increases dramatically very close to 
zero phase. This effect probably results from a combination of physical optics within 
the particle surfaces (coherent backscattering, Poulet et al., 2002) and “shadow- 
hiding” between different particles. The angular width of the shadow-hiding effect 
depends on the thickness of the ring and the ring’s particle size distribution, and 
provides one of our best diagnostics of the rings’ vertical structure. 

2.3.4. Spokes 

On approach to Saturn in 1980, Voyager 1 imaged faint, dark, nearly radial, wedge- 
shaped spoke-like features extending across Saturn’s B rings. Observations of these 
features by both Voyager 1 and 2, taken over the course of each encounter and 
through a large range of phase angles and imaging resolutions (Smith et al., 1980, 
1981) indicated that spokes were typically 10,000-20,000 km long, '^2000-5000 
km wide, occurred only in the B ring, and straddled the radial location where 
Keplerian ring particle motion is identical to the magnetic held motion. On short 
time scales (minutes), they orbit the planet with the Keplerian motion, resulting in 
shearing away from radial in the trailing sense. Spokes were most readily visible on 
the illuminated morning ansa of the rings, where ring particles have emerged from 
Saturn’s shadow, and over long periods (many rotations) their appearance there was 
found to vary in contrast and areal coverage with the period of Saturn’s magnetic 
held (Porco and Danielson, 1982). Also, greatest spoke activity occurred within 
the same northern magnetic held sector responsible for the emission of Saturn 
Kilometric Radiation. (There is a suggestion that spoke activity on the rings also 
varied with a period equal to that of the broad-band Saturn Electrostatic Discharges, 
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but this finding was less convincing (Porco and Danielson, 1984).) Spokes are likely 
composed of micron-sized particles elevated above the main ring particles (Smith 
et al., 1981; Doyle and Grun, 1990), accounting for their reversal in contrast (with 
respect to the rings) between low- and high-phase viewing geometries. Only four 
spokes were observed to form by Voyager; the upper limit to the formation time 
was ~4 min. Very few spokes have been observed from the ground (Colas et al., 
1995), and those observed by the HST (McGhee et al., 2004) were visible only 
when the elevation angle of the Earth (Sun above or below the rings) was less than 
~15°. The latter authors attribute the difficulty in seeing spokes at other times to a 
photometric effect: low elevation angles producing long line-of-sight pathlengths 
through clouds of dust, making them more visible in those geometries. Others 
suggest that the appearance of spokes at some times and their absence at other 
times, and their observed orbital distribution, may be a seasonal effect related to 
the variable flux of meteors on the rings from heliocentric orbits during the Saturn 
year (Cuzzi and Durisen, 1990). 

Models proposed for the origin of spokes have all invoked electromagnetic 
forces (which have their greatest effect on small, dust-sized particles) operating 
on clouds of dust debris generated by the impact of a meteoroid onto the rings 
(Goertz and Morfill, 1983; Goertz, 1984; Tagger et al., 1991). Spoke formation 
times have been calculated under some of these scenarios to be as short as tens of 
seconds. 

Cassini will provide the opportunity to gather far more information on 
these elusive and mysterious features. The hemisphere illuminated by the sun 
during the Voyager epoch was the northern Saturn hemisphere; the nominal 
Cassini orbital tour takes place during southern summer. If the appearance of 
spokes is related at all to seasonal effects, it should be discernible in Cassini 
data. 

Ring imaging campaigns to capture spokes, either on the illuminated or unillu- 
minated part of the rings, with imaging intervals of ~ 1.5 h, are planned at various 
times throughout the orbital tour to confirm the periodicities and orbital phases 
observed by Voyager. Recent Cassini approach observations by the RPWS indicate 
an SKR period that is 1% longer than that observed in 1980-1981. Will the spoke 
periodicity also be longer? Will the SED period be confirmed? The capability of 
the ISS to acquire images with an interval as short as 1 1 s will be utilized in several 
observing sequences throughout the tour to capture spokes in the act of forming. 
As Voyager indicated significant modification in spoke activity when spokes pass 
through the shadow region, image sequences have been planned for observing ring 
material before and after shadow passage. Einally, to understand the details of the 
evolution of spoke morphology, spoke ‘tracking’ sequences are planned to follow 
spokes around the rings. As the spoke formation process is a stochastic one, there 
are no assurances that any of these observations will be successful. Spokes have 
not so far been observed on approach to Saturn from an spacecraft elevation angle 
of 16°, and a solar elevation angle of 25°. 
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2.3.5. Diffuse Rings 

Diffuse, extensive clouds of dust encircle Saturn. These structures, reaching out 
as far as 8 Rs, are of substantial scientific interest (Burns et al., 2001) because, 
in some respects, the physics governing tenuous rings is simpler to understand 
than that of Saturn’s more familiar rings where collisions are frequent. In addition, 
the widely separated particles comprising these rings concern some spacecraft 
engineers because Cassini will repeatedly traverse these diaphanous structures; the 
consequent impacts, occurring at high speeds, may jeopardize the entire spacecraft 
or its components (Burns et al., 1989). 

We define a diffuse ring as any with normal optical depth less than 0.001; 
this somewhat arbitrary separation means that collisional time scales in diffuse 
rings are less than orbital precession times. Saturn’s diffuse rings then include 
the D ring, portions of the F ring, especially that lying radially interior to the 
main strands, the E ring, the G ring, and perhaps the contorted Encke ringlet 
(s). 

Since the lifetimes of individual dust grains are brief, diffuse rings must be 
continually regenerated from source bodies (Burns et al, 2001). General goals for 
the investigation of faint rings include (i) comprehensive photometric coverage 
to allow size distributions (indicative of dust origin and evolution) and particle 
shapes to be inferred; (ii) the search for sources (parent bodies, probably small 
moons) and sinks (satellite surfaces, Saturn’s main rings and atmosphere, as well 
as particle destruction); and (iii) signatures of the symbiosis between the dusty rings 
and ambient plasma as well as the effects of circumplanetary dust on the coating 
of satellites through orbital photometry. 

By their very nature, diffuse rings are difficult to study observationally: they 
are faint and often three-dimensional, meaning that lines of sight may pierce the 
structure in several places, confounding a simple interpretation. Long exposures, 
especially when taken along shallow slant paths through the ring in order to increase 
the signal, have proven effective. Unfortunately, light from nearby bright sources 
scattered into the optical imaging device has complicated interpretations (Throop et 
al., 2004). Images taken at shallow elevations can be effective in determining ring 
thicknesses. The boundaries of the planet’s shadow across these rings were used 
by Voyager scientists to selectively demarcate very faint rings from the blackness 
of the sky background; similar techniques will be used on Cassini, employing the 
shadows of the planet and perhaps large satellites. 

Faint rings usually contain primarily small particles, which effectively forward- 
scatter optical light into narrow cones of a few degrees. Cassini observations of 
the Jovian ring taken alone (Porco et al., 2003) and in combination with other 
spacecraft and Earth-based observations of the ring (Throop et al., 2004) have 
indicated that irregularly shaped, small (/xm-sized) particles are more likely than 
spherical Mie scattering particles, at least for the rocky Jovian ring particles. Because 
of the small particle size, diffuse rings are often most visible at high phase angles. 
Voyager images of Saturn’s spokes and of abrupt brightness clumps in the F ring 
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(Showalter, 1998) indicate that features may be time- variable; charged-particle 
absorption signatures surrounding the F ring (Cuzzi and Burns, 1988) and ground- 
based images of transient events in the E ring (Roddier et al., 1998) also imply that 
clouds may develop rapidly and then fade. To document and then to understand 
its causes, this time variability will require repeated imaging of some features 
throughout the mission. 

Saturn’s E ring, an extensive diaphanous cloud encircling Saturn and spanning 
the orbits of Mimas to Rhea, has two distinctive properties: its distinct brightness 
peak at Enceladus and its narrow size distribution, dominated by particles near a 
micron (Showalter et al, 1991). Hamilton and Burns (1994) claim that, owing to 
resonance effects. E-ring particles move along elongated orbits; this hypothesis can 
be tested with measurements made by Cassini’s dust detector. The same authors 
maintain that the resultant high-speed collisions into Enceladus sustain the ring. 
A corollary is that regions adjacent to other nearby moons should have enhanced 
ring intensity. The E ring’s photometry and broad-band color need to be refined in 
order to tie down its unique and peculiar size distribution. Particles which are nearly 
spherical, mono-dispersed ice grains (as believed for the E ring constituents) will 
exhibit a strong polarimetric signature, which can be sought in images acquired 
through the ISS polarizing filters. 

Saturn’s G and D rings were discovered by Voyager but were the least stud- 
ied by that mission. The former is tenuous, localized, and centered on orbital 
radius 168,000 km, far from any other known ring or moon. Its source is un- 
certain; small satellites in the vicinity will be sought. The particle size distribu- 
tion is disputed (Showalter and Cuzzi, 1993; Throop and Esposito, 1998) and 
its firm identification will require broad phase coverage, with the diffraction 
lobe emphasized; polarimetry may also be useful. Saturn’s innermost D ring was 
scarcely observed by Voyager (Showalter, 1996). The ring contains wave-like faint 
ringlets as well as two narrow rings. The ring’s photometric properties are poorly 
constrained. 

The band between the E ring and the outer edge of the A ring contains faint 
material whose optical properties vary with distance to Saturn (Murray et al., 1997 ; 
Showalter, 1998), possibly giving clues to ring sources and sinks. Good photometry 
and color can clarify the causes. (Cuzzi and Burns, 1998) believe that the region 
immediately exterior to the E ring may have faint transient clumps, while others 
claim that it contains several small moons; it should be surveyed carefully. Cassini 
should target the region surrounding Atlas’s orbit to seek a faint ring formed from 
the satellite’s ejecta as Jupiter’s gossamer rings seem to be (Burns et al., 1999). Eaint 
rings may also trail from the Lagrangian satellites of Tethys and Dione, especially 
following the controversial claim (Roddier et al., 1998) of a time-variable cloud 
near one of Enceladus’s triangular points. 

Gaps in the main system, particularly across the Cassini Division and in the C 
ring, should be scrutinized to set upper bounds on the presence of any material, 
with the goal to understand the mechanism(s) that evacuate gaps. 
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2.3.6. Proposed Observations 

Most investigations aimed at addressing these important issues require the highest 
imaging resolution possible. Outside the period of time immediately following the 
SOI, when Cassini is closest to the rings and cruising above them on the dark side at a 
distance only tens of thousands of kilometers (yielding a smear-limited resolution of 
~ 100 m), the highest imaging resolution obtainable on the rings anytime during the 
Cassini tour is ~ 1 .0 km. (For most of the tour, the NAC resolution on the rings ranges 
from ~1.0 to 15 km/pixel; in the WAC, the range is 10-150 km/pixel.) Imaging the 
entirety of Saturn’s rings at this resolution would present an impossible task: the 
total surface area of the rings, including both illuminated and unilluminated sides, 
is ~1200 times the surface area of Titan. Consequently, high-resolution imaging 
observations have been carefully chosen and focused on regions expected to yield 
the greatest fundamental science. (The highest-resolution “clear filter” images of 
the rings taken by Voyager had a pixel scale of 4 km.) 

Other investigations that require variable lighting and viewing geometries and 
only modest resolution have been planned either with the NAC taken at larger 
distances, or the WAC taken in close. Though not significantly different than 
Voyager’s best resolution color images, with a scale of 25-30 km/pixel, Cassini’s 
camera system has much broader spectral coverage, particularly in the UV and the 
near-lR, and its CCD is much more sensitive, with a larger dynamic range, than 
was Voyager’s vidicon. 

Thus, in all types of investigations - either those requiring relative or absolute, 
high-precision positional measurements or those requiring sensitive photometric 
and color measurements - we anticipate that Cassini images of Saturn’s rings, with 
~ 100,000 planned over 4 years, will provide dramatic advances in our understand- 
ing of planetary rings. 

Planned observations include the following: 

• Approximately a dozen high-resolution (1-2 km/pixel) radial scans of the main 
rings taken at low-to-moderate solar phase angles will provide our best signal- 
to-noise imaging data on the finest-scale structure of the rings available to the 
ISS, including the irregular structure in the outer B ring. 

• The radial variation of the amplitude of the opposition effect, a rapid brightening 
of the rings near zero phase angle, will be measured in several colors as the 
opposition spot passes diametrically across the rings. 

• Observations taken during SOI may marginally resolve the “wakes” that are 
believed to produce the azimuthal asymmetry in the A ring (Figure 11) and will 
provide the highest resolution views of the rings during the whole tour. 

• Moderate-resolution multicolor imaging of at least one complete ring ansa will 
be carried out in a wide range of viewing geometries in order the map out the 
way in which the rings’ reflectivity (IIP) varies with solar phase angle and with 
tilt angle (i.e., high or low elevation above the lit or unlit face of the rings). These 
observations, diagnostic of the nature of the particle surfaces and the particle 
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Figure 12. A typical azimuthal scan of a ring edge and gap (in this case, the outer B ring edge 
and inner Cassini Division) at moderate phase and high spacecraft latitude, —35°. ISS will acquire 
observations like this on a dozen or so features in Saturn’s rings for the purpose of searching for 
new moons, detecting edge waves and, in some cases, fully sampling the circumference and shape of 
eccentric rings. 



disk characteristics, will also be used to characterize the azimuthal asymmetry 
in the A ring, search for its presence in other rings, and to probe the internal 
structure of the rings and the ring particle properties. 

• Moderate-resolution radial scans using up to 15 filters to complement the higher 
spectral, but poorer spatial, capabilities of VIMS and CIRS in the composition 
of the ring particles, particularly the abundance and nature of the non-icy con- 
taminants in different regions. 

• Approximately a dozen or more high-resolution (<3.5 km/pixel) 360° scans of 
select features in the rings: the F ring, the Encke gap, the outer A and B rings 
edges, the Cassini Division, the major gaps in the C ring, the D ring, and select 
density waves in the rings to search for embedded moonlets and/or the small- 
scale signatures of their gravitational perturbations on surrounding ring material 
(Figure 12). 

• Search for unseen satellites between the rings and the orbit of Hyperion. 

• Imaging observations to measure the positions of, and refine the orbits of, satel- 
lites in the Saturnian system. 

• Retargettable observations for orbit refinement and/or high-resolution morphol- 
ogy of newly discovered moons. 
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• Rapid (~ 1 1 s interval) time-lapse, moderate-resolution imaging sequences of 
the morning ansa of the rings in the hopes of capturing spoke formation; Movie 
sequences of the rings at low resolution to determine the periodicities in the 
appearance of spokes on the rings; Moderate-resolution spoke-tracking imaging 
campaigns to follow spokes to investigate spoke evolution. 

• Imaging of the main rings at phase angles higher than those observed hy Voyager 
will map out the abundance of sub-micron “dust” in the rings. 

• Imaging of the diffuse rings (E, G and D), as well as some of the ring gaps (such 
as Encke) over a wide range of phase angle, including high phase, to constrain 
particle size and shape distributions. 

2.3.7. Combined Studies with Other Cassini Instruments 

Several dozen stellar (VIMS and UVIS) and radio (RSS) occultations by the rings 
will occur, spread over the 4-year mission, with a resulting radial resolution of 100 
m. Many of these will penetrate and measure the optical thickness of the deepest 
portions of the B ring at these resolutions, something that Voyager was unable to 
do. 

While occultations will provide the highest radial resolution available from 
Cassini at specific and limited longitudes on the rings, images can capture a con- 
tinuous sweep of longitude. In this regard, these data sets are complementary. The 
combination of stellar/radio occultation data with imaging data will provide a pow- 
erful collection of information about the kinematical behavior of perturbed ring 
features, and their deviations from circularity, down to a precision of tens of meters 
for occultations, and down to ~ 1/4 km for images. 

Also, as with investigations of the surfaces of satellites, VIMS and ISS provide 
complementary results. Where VIMS can acquire high spectral resolution with low 
spatial resolution, determining far more precisely the composition of the material, 
ISS will provide the high-resolution context. Once the mapping of composition to 
ISS colors has been done by using the two instruments together, subsequent ISS 
color observations can be used to push compositional studies to higher resolution 
than is available with VIMS. 

2.4. Titan: Surface and Atmosphere 

What we know of Titan today, on the threshold of Cassini’s orbital tour of Saturn, 
comes from more than a century of telescopic observations from the ground and 
low Earth orbit and from the Voyager encounters with Titan in the early 1980s. 
Owing to the ubiquitous haze enveloping the satellite and obscuring the surface 
and lower atmosphere to visible wavelength observations, most Voyager-era results 
were derived from the other spectroscopic and occultation experiments and not the 
imaging investigation. 

Relevant to the Cassini ISS investigation are the facts that Titan has a thick, 
largely N 2 atmosphere (mole fraction of ~95%) with a few percent CH 4 and trace 
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amounts of other simple and some complex organics; surface temperature (~94 K), 
pressure (~1.4 bar) and near-surface lapse rate consistent with the presence of 
methane-ethane liquid surface reservoirs; a troposphere with a methane mixing 
ratio and lapse rate likely to produce methane clouds a few kilometers above the 
surface; a 200 km thick haze layer with a lower boundary in the stratosphere, ~100 
km above the surface; an upper atmosphere (with wind speeds ~100 m/s which 
is believed to rotate faster than the surface, possibly giving it a super-rotator-like 
general circulation pattern like that of Venus; methane photolysis in the upper at- 
mosphere likely to result in polymerized organics which rain down and coat the 
surface, collecting in depressions (such as craters). With such a complex environ- 
ment, dominated by a thick atmosphere with a condensable material, it is possible 
that the Titan terrain exhibits geologic features produced by wind, rain, and fluvial 
erosion - channels, gullies, ‘waterfalls’ , lakes, shorelines, etc. - as well as the usual 
tectonic and impact-produced morphologies seen on the other icy satellites. 

Though Voyager images of Titan were unsuccessful in revealing the details of 
its surface - (however, see Richardson et al., 2004) - we are hopeful that major and 
seminal scientific advances will result from the Cassini ISS investigation of Titan’s 
surface and lower atmosphere for two primary reasons. First, it has been demon- 
strated from both ground-based and HST imaging investigations, and now Cassini 
ISS approach observation of Titan (Figure 2), that the surface and troposphere of 
Titan can be remotely sensed in the near-lR spectral regions in between the methane 
absorption bands that dominate its spectrum (Lemmon, 1994; Smith et al., 1996). In 
these inter-methane-band ‘windows’, the dominant source of opacity is scattering 
by stratospheric haze, which decreases in strength with increasing wavelength in 
the near-lR. Second, the Cassini ISS has been equipped with special capabilities 
for penetrating the hazy atmosphere, among them IR filters and filter combinations 
specially designed to match the inter-methane-band windows, and IR polarizers to 
cut down the light scattered by the overlying haze. Use of these polarizers will have 
the effect of increasing (in the relative sense) the percentage of photons reaching 
the cameras that were last reflected from the surface and unattenuated by the over- 
lying atmosphere. None of these circumstances guarantees success in completing 
the imaging investigations that are described later (some of which are aimed at very 
high resolution of the Titan surface which may be hampered by overlying haze). 
But as Cassini makes it way towards Saturn, optimism remains high. 

2.4.1. Meteorology 

Titan’s 16-day rotation period appears to place its atmosphere into the same slowly 
rotating dynamical regime that characterizes the general circulation of Venus (Del 
Genio et al, 1993, 1996; Allison et al., 1995). The dominant features of Venus’ 
atmospheric circulation are its surprising zonal super-rotation and extensive cloud- 
level Hadley circulation. Similar features are expected on Titan (Hourdin et al., 
1995), but no wind measurements exist to date because (a) prior to Huygens, Titan’s 
atmosphere has not been probed in situ; (b) to date, imaging of Titan’s clouds. 
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primarily at wavelengths sensing its stratospheric haze, has revealed no features 
suitable for tracking winds. Nonetheless, indirect evidence from Voyager IRIS 
brightness temperature profiles (Flasar et aZ., 198 1) and stellar occultation estimates 
of oblateness (Hubbard et al., 1993; Sicardy, 1992) strongly suggest the presence 
of super-rotation at and above the tropopause. 

A primary objective for Cassini ISS at Titan, therefore, is to map Titan’s global 
wind field at the tropospheric levels where its atmosphere interacts with the surface 
angular momentum source. Such measurements would provide a global context for 
the local vertical profile of wind to be measured by the Huygens Probe Doppler 
Wind Experiment (Bird et al., 2002), and if sufficiently extensive, might shed 
light on the mechanism(s) sustaining the super-rotation. On Venus, planetary-scale 
transient waves due to barotropic instability (Rossow and Williams, 1979), solar- 
fixed thermal tides (Ingersoll and Pechmann, 1984), and small-scale gravity waves 
(Young et al., 1987) have all been hypothesized as significant contributors to the 
super-rotation; evidence for any of these processes operating on Titan would greatly 
advance our understanding of the slowly rotating regime. Specifically, knowledge 
of the latitudinal profile of zonal wind would constrain the efficiency of lateral 
angular momentum and potential vorticity mixing on Titan. 

To track Titan cloud features, we must see below the featureless stratospheric 
haze into the troposphere, where methane clouds may exist in regions of rising 
motion. At the longest ISS wavelengths, we expect to see through the haze and 
view Titan’s troposphere and surface (see Section 2.4.3). We therefore plan to 
image Titan in the near-IR using filters IR2/IR1 (827 nm), CB3 (938 nm), IR4 
(1002LP nm), and IRS (1028LP nm). To improve tropospheric visibility, the NAC 
carries an IR polarizer that can be used in combination with CB3 (938 m), while 
the WAC carries two orthogonal IR polarizers that can be used with CB3 (938 nm), 
IR4 (lOOlLP nm), or IRS (1028LP nm). We will image Titan, initially at intervals 
of a few hours, within 1 day of closest approaches to allow for detectable cloud 
displacements. In the event that small-scale features can be seen, we also plan to 
image at shorter time intervals to capture the evolution of these features. 

Although there is uncertainty in Titan’s methane abundance and the availability 
of condensation nuclei, ground-based observations have detected possible methane 
clouds (Griffith et al., 1998) and transient clouds have been imaged in Titan’s 
south polar region (Roe et al., 2002; Brown et al., 2002). Given sufficient methane 
abundance at the surface. Titan’s temperature profile is steep enough to be unstable 
to moist convection and thus we anticipate that upper troposphere methane cirrus, 
created from the outflow of convective updrafts, might be the most common type 
of cloud feature, but visible only on the small spatial scales that ISS will be able 
to resolve. If convection does exist, its presence may be difficult to detect because 
infrequent convection is probably sufficient to remove the required energy from 
Titan’s surface. Indirect evidence for methane convection might exist in the form 
of lightning. If lightning occurrence can be detected and mapped, it effectively will 
serve as a tracer for large-scale vertical motions such as the upwelling branch of the 
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Hadley cell. The H-alpha filter (HAL) on the NAC may he used to detect lightning 
flashes associated with methane (CH4) dissociation in long-exposure night-side 
images taken several hours before or after Titan closest approach; the clear filter 
may also be used to detect faint lightning flashes. In addition, we will seek lightning 
signatures of Nil at 820 nm by overlapping the IRl and IR2 filters. 

2.4.2. Photometric and Polarimetric Studies of Titan ’s Atmosphere 
Deposition of solar radiation in the atmosphere and radiative interaction with tides 
or other wave phenomena is thought to be at the root of the mechanism that drives 
circulation. It is therefore important to understand radiative heating and cooling. 
The Descent Imager Spectral Radiometer (DISR) on the Huygens Probe will pro- 
vide the sole Cassini direct measurement of the internal radiation field, but at only 
one location on the planet. The ISS can provide information on the radiation field at 
other locations on Titan in the same manner it will do for Saturn: by using photome- 
try and polarimetry to infer the optical and physical properties, and the vertical and 
horizontal distributions, of aerosols, and using these parameters in studies of ra- 
diative energy balance. Photometry and polarimetry of Titan will also be important 
for understanding other microphysical processes at work in the stratosphere. 

The measurements to be made to infer particle properties and distributions are 
listed in Tables III-V. Only the first two techniques (limb profiling and methane- 
band imaging) listed in Table V will be used at Titan. (The others techniques in 
Table V utilize the molecular Rayleigh scattering contribution to optical depth, 
which is negligible for Titan.) 

Titan’s disk nearly fills the NAC frame at a distance of 10^ km, and that is 
approximately the range from which the ISS will image Titan for haze studies. The 
spatial resolution of the NAC at that distance is 6 km/pixel, which is significantly 
smaller than a scale height. Aerosol profiling can be done over the entire illuminated 
limb of Titan in a single image. Images at different wavelengths will yield the 
wavelength dependence of the haze as a function of location. As for Saturn we will 
target special opportunities such as times when a bright star is near the limb. Images 
of Titan in which the dark limb can be seen against the bright disk of Saturn can 
be used to profile optical depth on the night side. As for Saturn, images at many 
phase angles and many wavelengths and with polarizing filters will be used together 
to provide new and powerful constraints on particle size, shape, and distribution, 
and in turn on microphysical models of haze production and in studies of energy 
balance. 

2.4.3. Visibility of the Surface 

It was long believed that Voyager ISS did not see the surface of Titan, but recent 
work (Richardson et al., 2004) has shown that the surface was detected in the orange 
filter. The Voyager surface detection is very marginal, perhaps 2: 1 SNR, but gives us 
reason for guarded optimism for the capabilities of Cassini ISS . The Voyager orange 
filter, centered at about 590 nm, covers the first (shortest wavelength) of nearly 
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six inter-methane-band windows from 600 to 1000 nm (Section 3). Optical depth 
in these windows, due to stratospheric haze scattering, decreases with increasing 
wavelength (Lemmon, 1994), so each of the other methane windows (accessible 
to Cassini ISS but not Voyager) should provide improved images of the surface. 
Furthermore, the total S/N of the Voyager image (at the top of Titan’s atmosphere) 
is only ~50:1 rather than ~200:1 expected from Cassini ISS. Finally, Cassini ISS 
includes IR polarizer filters, which reduce the effects of haze at moderate phase 
angles. Based on the Voyager results and the spectrum of Titan, we expect to be 
able to detect the surface of Titan through the RED (650 nm), IRl (752 nm), 1R2 
(862 nm), 1R3 (930 nm), CB2 (750 nm), CB3 (938 nm), 1R4 (1002LP nm), and 
1R5 (1028 nm) filters. However, major uncertainty persists as to the quality and 
resolution of these surface detections. 

We are most optimistic that surface details will be visible to ISS in the continuum 
filter centered at 938 nm (filter CB3), especially since surface features on Titan have 
been seen on approach to Saturn with the Cassini ISS utilizing this particular filter 
(Figure 2). HST has shown that contrast from the surface of Titan can be seen 
through a broad-band filter similar to 1R3 (Smith et al., 1996), but CB3 is centered 
in the middle of the methane window and should be superior. Lemmon (1994) used 
constraints from observations of Titan’s geometric albedo as well as spacecraft 
observations of reflected intensity and polarization to estimate haze optical depth 
at many wavelengths. In order to fit the weak methane bands in the near-infrared, 
he included a plane-parallel cloud in the lower atmosphere with optical depth 0.46, 
independent of wavelength. The overlying stratospheric haze in his model has an 
optical depth that decreases with wavelength. The sum of the two optical depths in 
the 938 nm methane window region is close to 1.0. 

Although there are uncertainties associated with the model, it is reasonable to 
ask how well ISS can expect to see contrast features in the lower atmosphere or 
on the surface with an overlying cloud and haze optical depth of 1 .0. We are most 
interested in features with small spatial scales (the NAC pixel spacing corresponds 
to about 6 m for the closest passes, ~950 km above the surface. The contrast at large 
spatial scales seen in Voyager images and HST images (Smith et al., 1996) can be 
carried by the diffuse radiation field. However, at small spatial scales (smaller than 
the vertical distance of the scattering layer from the surface, roughly 200 km), the 
contrast must be carried by photons that traverse the atmosphere without suffering 
a scattering event. 

The fraction of the light leaving the surface which emerges at the top of the 
atmosphere without suffering a scattering is ignoring atmospheric curvature, 
where fj. is the cosine of the emission angle. The critical question is: how much 
contrast is seen at the top of the atmosphere for a given surface contrast? Here, con- 
trast is defined as (maximum intensity — minimum intensity )/maximum intensity. 
The problem is exceedingly difficult if one is trying to estimate contrast induced 
by topographic slopes. Here, we take the easier route and assess contrast at the top 
of the atmosphere for a given albedo contrast on the surface. 
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A plane -parallel model atmosphere would probably suffice for an estimate of 
contrast near the center of the disk. However, some of the close approaches to 
Titan will be near the terminator where the atmospheric curvature is important. 
Therefore, we have constructed multiple-scattering radiative transfer models with 
the appropriate curvature of Titan’s atmosphere. The multiple-scattering model 
takes full account of multiple scattering in a spherical shell atmosphere containing 
particles with the asymmetric phase functions thought to be appropriate for Titan 
(from Lemmon, 1994). It does not take into account polarization except for single 
scattering. We were able to estimate the effects of Titan’s strongly polarizing haze 
layer by calculating the radiation field carried by singly scattered photons that 
polarize the light in the way that fractal aggregates do: highly positively polarizing 
at 90° scattering angle (West and Smith, 1991; Lemmon, 1994). Our estimate of 
how much the contrast is improved by the use of a polarizing filter is conservative 
in the sense that light from photons scattered more than once is assumed to be 
unpolarized. We consider the surface to depolarize the light and to diffusely reflect 
according to Lambert’s law. 

In order to estimate contrast at the top of the atmosphere we performed two 
calculations, each having a spherically symmetric surface and atmosphere. The 
first calculation had a surface albedo of 0.1; the second, a surface albedo of 0.4. 
The emerging contrast for the small-scale features was then given by the contrast 
in the directly transmitted beam divided by the average of the total reflected light 
from the two runs. 

The calculations can be summarized as follows. For nadir viewing near the 
sub-solar point a surface contrast of 30% at small spatial scales will produce top- 
of-atmosphere contrast of 6.3% for an average surface albedo of 0.1. The same 
surface contrast will produce a top-of-atmosphere contrast of 12% if the average 
surface albedo is 0.4. The light is unpolarized for nadir viewing of the sub-solar point 
so the contrasts reported above apply to the polarizing filters and non-polarizing 
filters equally. Near the terminator the top-of-atmosphere contrasts would be 2.6 
and 7.1% for the non-polarizing filters and average surface albedos 0.1 and 0.4, 
respectively. With a polarizer filter the contrast increases to 3.3 and 8.4%. The 
signaVnoise ratio in a single pixel exposed to 70% full well is expected to be 260. 
The Modulation Transfer Function of the Cassini ISS at the Nyquist frequency 
is approximately 15%, which reduces the contrast over a few pixels by a factor 
of 0.15. If the atmospheric model is correct, we expect to detect features at the 
Nyquist frequency (corresponding to two pixels or 20 m per cycle at the closest 
Titan flybys) with S/N greater than 10 if the top-of-the atmosphere contrast is 25%. 
The corresponding surface contrast would need to be near 100%. Features with 
larger scales or features near the top of the tropospheric cloud level can be detected 
at lower contrast. Features with horizontal scales larger than ~5 pixels should be 
detectable at surface contrast levels near 30%. 

Although Cassini provides an extremely stable platform for long-exposure im- 
ages, smear remains a significant concern during the very close ‘targeted’ satellite 
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flybys, including the close flybys of Titan. Cassini’s on-board Inertial Vector Prop- 
agation (IVP) system can precisely track a target on Titan from any range greater 
than ~1500 km, but the changing range to Titan introduces significant smear in 
long exposures (> 10 s) when the range is less than ~ 10,000 km (within ~30 min 
of closest approach). Long exposures are needed to ensure a high S/N at the top of 
the atmosphere, especially in the CB3 filter, in order to achieve an adequate S/N on 
the surface. Use of 2 x 2 pixel binning and nearly four times shorter exposure times 
alleviates this problem, but with a halving of pixel scale. Given the low contrast 
expected on scales of a few pixels, 2x2 binning should result in little loss of 
available information, and may provide our best imaging mode for Titan’s surface. 
Another option is to image at shorter wavelengths where we can use shorter expo- 
sure times than with the CB3 filter. Most promising is the IR1/IR2 combination, 
which produces a medium-width band center on the 825-nm inter-methane-band 
window (Section 3). Exposure times for the IR1/IR2 filter combination can be a 
factor of ~10 shorter than for the CB3/Clear combination. However, we cannot 
combine this two-filter bandpass with an IR polarizer filter. The IRl filter covers 
several methane windows and could enable imaging of the surface with exposure 
times ~100 times shorter than with CB3, but with even less contrast on small-scale 
surface features. 

2.4.4. Titan Surface Science 

As for all the other satellites of Saturn, a major objective of the ISS for Titan 
is a determination of its geologic and thermal history. Titan may have initially 
been largely melted in its outer several hundred kilometers by accretional heat 
(Schubert et al, 1981), producing a deep global ocean of water (H2O) or a water- 
ammonia mixture (H2O-NH3). The deep interior initially may have been a largely 
undifferentiated mass of ice and rock. With the cessation of accretion, an outer layer 
would have cooled and solidified. Simulfaneously, fhe inferior would have warmed 
due fo radio nuclides in fhe silicafes, and perhaps differenfiafed fo form a rocky core 
and an icy manfle. Based on fhe evidence for subsurface wafer in fhe icy Galilean 
safellifes (Kivelson et al., 2004), mosf workers now expecf a manfle of liquid H2O 
fo have persisted on all large icy satellites such as Tifan (Schuberf et al., 2004). 

If mefhane (CH4) clafhrale was presenf inifially, if could be expecfed fo dissoci- 
ate in fhe deep interior, releasing mefhane, which would subsequenfly lend fo rise 
lowards, and possibly exlrude ouf onfo, fhe surface, where if mighf have formed 
bodies of liquid and/or evaporate info fhe afmosphere. (The presence of ammonia 
(NH3) mighf provide a source of malerial lhal could also rise fo fhe surface cry- 
ovolcanically (Kargel et al., 1991).) A reasonable model for fhe presenf internal 
sfruclure of Tifan, Ihen, has a silicate core, a deep manfle of wafer-ammonia (H2O- 
NH3) ice, a subsurface “ocean” of H2O-NH3 liquid, upper manfle of H2O ice lhal 
may conlain CH4 clafhrale, and a Ihin uppermosl layer lhal could be rich in liquid 
mefhane and olher hydrocarbons (Stevenson, 1992; Lunine et al., 1998; Grassel 
et al., 2000). 
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Geologic activity seems likely on Titan. Ganymede shows evidence for tecton- 
ism and resurfacing and Callisto does not (Smith et al., 1979a, h); Titan prohahly 
contains more volatile material than either and is correspondingly more likely to 
have been active. Evidence for geologic activity comparable to or more extensive 
than that on Ganymede would suggest significant tidal heating sometime in Titan’s 
history. Indeed, many of Saturn’s small inner satellites, which may contain lower 
concentrations of volatiles than Titan have been active (Smith eta/., 1981, 1982). On 
most icy satellites, extensional features appear to dominate the resurfacing (Squyres 
and Croft, 1986). The primary sources of stress are probably internal phase changes 
and solid-state convection - both likely on Titan. 

Evidence for resurfacing on icy satellites ranges from flat, smooth, crater-poor 
regions (on Enceladus (Squyres et al., 1993) and Ganymede (Parmentier et al., 
1982)) to thick, lobate flows indicating emplacement of fluid with a high viscosity or 
yield stress (on Ariel (Jankowski and Squyres, 1988) and Triton (Smith et al., 1990). 
This variety results from a range in the rheologic properties of materials, which 
may have been extruded in solid, partially molten, or liquid form. Liquid or slush 
is favored on the small Saturnian satellites because of their low gravity and small 
buoyant forces (Stevenson, 1982), but extrusion of warm ice on a satellite as large as 
Titan is possible. Constraints may be placed on the rheology and extrusion state of 
flows if their thickness can be determined (Jankowski and Squyres, 1988; Melosh et 
al., 1989; Schenk, 1991), either by observation of topography or by measurement 
in subsurface profiles. Resurfacing on Titan could lead to unusual effects. Eor 
example, buoyancy caused by extrusion beneath liquid could lead to enhanced 
flow thicknesses. Also, extrusion in the presence of ongoing sedimentation could 
produce a sequence of interbedded ice and organic layers. 

Of the many organics produced in Titan’s atmosphere (Raulin and Owen, 2002), 
most are slightly to negligibly soluble in any surface liquid that may be present. 
Under the physical conditions present on Titan’s surface, they are also generally 
solid, with the exception of propane (CaHg), and more dense than a liquid mixture 
of ethane-methane-nitrogen (C 2 H 6 -CH 4 -N 2 ). One can therefore expect a slow 
accumulation of solid organic sediment at Titan’s surface. If no liquid is present, 
this solid material will cover Titan’s icy surface; if liquid is present, the material 
might accumulate as sediment in topographic basins. The most abundant insoluble 
molecules produced by atmospheric chemistry are acetylene (C 2 H 2 )> hydrogen 
cyanide (HCN), methyl acetylene (C3H4), methyl cyanide (CH3CN), and other 
alkynes and nitriles. The C 2 H 2 alone should accumulate to form a layer ~100 m 
thick (Yung et al., 1984; Sagan and Thompson, 1984). Other solids expected include 
polyacetylene (Allen et al., 1980; Yung et al., 1984) and complex nitrogenous 
organic polymers. 

Impact craters are probes of satellite crusts, indicators of surface ages and ther- 
mal history, and provide information on impactor populations and atmospheric 
properties over time. Titan’s atmosphere should shield the surface from small pro- 
jectiles and decelerate and ablate larger comets (Ivanov et al., 1997; Engel et al.. 
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1995; Lorenz, 1997; Artemieva and Lunine, 2003). A first-order question to be an- 
swered by Cassini is whether Titan’s surface is heavily cratered and old or whether 
there has been extensive resurfacing since an early period of heavy cratering. If 
Titan’s surface is as old as that of Rhea and Hyperion, there should be ~200 craters 
larger than 20 km diameter per 10^ km^, close to a saturation density (Engel et al., 
1995; Lorenz, 1997). If all of Titan’s surface has such a spatial density of large 
craters similar to Callisto’s, then it may have experienced little differentiation and 
endogenic geologic activity. Observation of terrains with substantially fewer craters 
will be our first indication that Titan has experienced an extended period of geo- 
logic activity, perhaps similar to Ganymede or Triton. The morphologies of the 
large craters and multi-ring structures may provide clues to the presence or depth 
to subsurface water (Turtle and Pierazzo, 2001; Schenk, 2002). 

Titan’s cold temperatures would tend to inhibit the crater relaxation observed 
on Ganymede and Callisto, while NH 3 hydrate, if present, could soften the ice and 
enhance relaxation (Durham et al., 1989). An impact regolith on Titan might be 
coarser grained than on other satellites because small impactors responsible for 
most near-surface comminution and mixing will be stopped by the atmosphere. 
With continuous deposition of organic solids, cratering could lead to a sequence 
of interbedded icy ejecta and organic sediment layers. If liquid is present on the 
surface, the effects on cratering could be substantial. Normal regolith formation 
would not be expected. A liquid layer with a depth more than about 40% of the 
depth of a normal transient cavity should be sufficient to inhibit formation of a 
crater on its floor (Gault and Sonett, 1982). Even much shallower liquid should be 
adequate to produce unusual crater forms, with shallow floors and little or no rim 
(Gault and Sonett, 1982). 

If liquid is present on Titan, it could promote erosion. One possible mechanism 
arises from the solubility of H 2 O in liquid CH 4 -C 2 H 6 -N 2 (Rebiai, 1984). Disso- 
lution of ice over long periods could alter immersed topography (Lunine, 1985b). 
Dissolution could, of course, be limited by saturation, so one would expect it to 
be most effective where there is flow of unsaturated fluid, perhaps as tidal currents 
(Sagan and Dermott, 1982). On the order of 100 m of erosion, could occur in 10^ 
years if not inhibited by sediment accumulation. Patterns of erosion and deposition 
could be complex, influenced by circulation patterns, saturation conditions, and 
sediment distribution. Dissolution could be promoted by fracturing and zones of 
weakness in the ice, and it is even possible that caverns, like those formed by aque- 
ous dissolution of carbonates on Earth, could develop. Also, if methane rain occurs 
(Toon et al., 1988) and falls onto a dry surface we could see physical erosion, de- 
velopment of drainage systems, and even a true ‘hydrological cycle’. A number of 
workers have speculated that the bright region on Titan’s leading hemisphere may 
be a high-standing area of water ice washed clean of dark atmospheric sediment by 
methane rain. Multi-spectral observations suggest that the leading hemisphere has 
a purer and/or finer-grained ice surface than the darker hemisphere (Griffith et al., 
2003). 
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Evidence for smooth surfaces with specular reflections have been detected from 
Earth-hased radar (Camphell et al., 2003). If lakes or rivers of liquid organics are 
present on Titan’s surface and if the overlying particle optical depth is not greater 
than about 2, ISS will be able to image the glint pattern in the specular direction. The 
size of the glint pattern is diagnostic of the amplitude of capillary waves driven by 
wind. The relationships between surface slope and wind velocity derived by Cox and 
Munk ( 1 954) are often used for the Earth. The relationship between wind and surface 
slope will be different for Titan because of the differences in gravity and viscosity 
of the liquid and air. Glint reflection is typically much stronger than reflection 
from diffuse surfaces. Even very small bodies of water were easily detected as 
specular bright spots in Galileo images of the Earth’s land surface. Polarization 
measurements of specularly reflected light may constrain the refractive index of the 
liquid. Information to be obtained in this way will depend on the surface coverage 
of liquid and on our ability to disentangle the effects of atmospheric scattering - a 
much more severe problem than for the earth. 

Einally, even if no liquid is present on the surface, eolian redistribution of sed- 
iment or ice might occur. The wind regime at the surface of Titan is unknown. 
Calculated meridional winds are small, but zonal winds of 25 m/s have been esti- 
mated in the lower troposphere (Elasar et al., 1981). Given the high atmospheric 
density, low gravity, and likely small size of sediment particles, eolian transport 
may be common. Eolian redistribution could result in an uneven surface distribution 
of organic sediment, perhaps like that produced by eolian transport of fine dust on 
Mars. 

According to models by Tokono and Neubauer (2002), Saturn’s gravitational tide 
on Titan’s atmosphere has a large influence on the meteorology down to the surface. 
The surface pressure oscillates up to 1.5 Pa through the orbit, with strong temporal 
and spatial variation in the atmospheric flow near the surface. The superposition 
of annual thermal latitudinal pressure gradients produces a surface wind pattern of 
equatorward flow and high-latitude whirls. Meridional tidal winds can be as fast as 
5 m/s, perhaps sufficient to produce streaks of fine-grained materials on the surface 
with a unique global pattern. 

2.4.5. Strategy for Titan Imaging 

Eor planning purposes, we have placed Titan observations by ISS into the following 
seven categories: 

• Movies or time sequences will be acquired when Titan fills from half to all of 
the EOV (NAG when distant; WAG at lesser range), to monitor atmospheric 
features. Eow phase angles are favored. 

• Photometry observations are planned to image Titan at a range of phase angles 
through many filter combinations to study atmospheric properties. 

• Pull-disk mosaics (3 x 3 to 5 x 5 images) will be taken in several colors for 
surface and atmospheric studies. 
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• Global surface mapping at medium resolution (500-1000 m/pixel) is planned 
from many passes. We expect to achieve ~70% global coverage at 500-1000 
m/pixel, and can fill most gaps at resolutions of a few kilometers/pixel. 

• Regional mapping (200-500 m/pixel) will cover areas of interest, including 
repeat coverage from different viewing angles for stereo imaging of the topog- 
raphy. 

• High-resolution imaging will sample terrains at scales of 12-200 m/pixel, cov- 
ering ~10% of Titan’s surface. Low phase and emission angles are favored for 
the global, regional, and high-resolution observations. Because the surface of 
Titan is almost unknown, we are planning ‘retargetable’ mosaics at regional 
and local scales to be repositioned after we have mapped the surface at scales 
of a few kilometers or better. A set of WAC images with filters for atmospheric 
studies will be acquired along with NAC surface observations to model and 
remove atmospheric effects. 

• Night-time observations will be acquired to search for lightning and aurorae. 

In addition to these categories, we will also have observations that ride along 
with other experiments such as VIMS, CIRS and UVIS. 

2.4.6. Combined Studies with Other Instruments 

Synergistic studies of Titan by Cassini/Huygens experiments will be especially 
important for the study of Titan (Lunine and Lorenz, 1996; Lunine and Soderblom, 
2002). Combined observations and analyses between the orbiter instruments ISS 
and VIMS, CIRS, UVIS, and RADAR, as described earlier for other satellites, will 
be especially important because of the challenges presented by the presence of 
a dense atmosphere. The atmospheric haze will limit ISS to imaging the surface 
and lower atmosphere in only a few bandpasses but its capabilities for high spatial 
resolution and global mapping dovetail nicely, for example, with those of VIMS 
which observes farther into the near-IR where stratospheric haze optical depth 
is less. Simultaneous imaging of Titan in regions of methane cloudiness should 
enhance both experiments’ ability to place local cloud events on Titan into a large- 
scale perspective, as well as allow ISS to model the effects of the atmosphere on 
surface images through retrieval of atmospheric structure from VIMS data. 

In surface imaging, ISS will provide primarily morphologic and albedo/contrast 
information, while VIMS will add compositional mapping of the surface. RADAR 
altimetry can help to control regional tilts in ISS stereo models. Imaging by ISS 
will be important to place the narrow RADAR imaging strips into regional context, 
and to image these locations at higher spatial resolution. The subsurface infor- 
mation returned by RADAR could be especially interesting, combined with the 
high-resolution ISS images and VIMS spectral image cubes. The most accurate 
maps of Titan will require a joint solution utilizing Radar (SAR) and ISS images. 

We expect that ISS images of Titan will be important for the choice of targets by 
other experiments, especially VIMS. Likewise, observations by VIMS, RADAR, 
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and perhaps CIRS will influence targeting by ISS. There will be particular chal- 
lenges if the lower atmosphere is patchy and variable, or if the surface is geologically 
active and temporally variable. 

The DISR on the Huygens probe will make extensive and detailed measurements 
of a very small region on Titan as it descends through the atmosphere (Tomasko 
et al., 2002). It will image the surface and atmosphere from near-nadir to above 
the horizon. Its solar aureole cameras will measure light scattered from the sun at 
forward angles to within a few degrees of the sun and in horizontal and vertical polar- 
ization states. Its visible and near-infrared spectrometers will provide information 
on the spectral content of the internal radiation field and surface. These measure- 
ments will be invaluable to ISS. The DISR observations can be used as ‘ground 
truth’ for ISS retrievals of surface features, aerosol optical depth and aerosol prop- 
erties as a function of altitude. They will help the ISS team assess the information 
content and quality of the retrievals which will be carried out on a global scale with 
the help of other orbiter data as mentioned earlier. Orbital imaging at the highest 
possible spatial resolution of the region observed by DISR is a high priority. 



3. Instrument Characteristics and Capabilities 

3.1. History of the Cassini ISS Design 

The origin of the Cassini camera dates back to the NAS A/JPL Mariner Mark 11 pro- 
gram that called for the development of a series of common spacecraft to explore the 
outer solar system in the post- Voyager era. One main feature of this design, relevant 
to imaging investigations, was a high-precision scan platform (HPSP) for support- 
ing the optical remote sensing instruments. In the early 1980s, the now extinct 
Comet Rendezvous/Asteroid Flyby (CRAF) mission and Cassini were identified as 
the first two missions of this program. 

In 1984, an Instrument Development Team (IDT), led by Dr Joseph Veverka of 
Cornell University, was appointed by NASA to help define an imaging system for 
CRAF and subsequent Mariner Mark 11 missions. In 1988, this task was expanded 
specifically to include Cassini and the emphasis of the IDT became the definition 
of an imaging system that would meet all of the scientific requirements of both 
missions. The IDT recommended the following system characteristics: 

• Dual focal lengths: A NAC for high-resolution studies with a maximum focal 
length consistent with the projected pointing stability of the Mariner Mark 11 
platform, and a WAC, like Voyager but unlike Galileo, for context and broad 
spatial coverage with a FOV six to eight times larger than the NAC. 

• Broad and identical spectral range in both cameras from 1100 nm down to the 
near-UV at 200 nm (compared to 300-650 nm on Voyager, and 350-1100 nm 
on Galileo). 



432 



C. C. PORCO ET AL. 



• Improved filter wheel design to accommodate more than the traditional (Voyager 
and Galileo) eight filter slots, in order to exploit the increased spectral range and 
the known richness of cometary emission spectra for CRAF, and compositional 
diagnostics of near-IR spectra of ices in comets and at Saturn. 

The narrow-angle design, essentially the Cassini NAC of today, evolved into a 
2-m focal length, //10.5 Ritchey-Chretien telescope, extending from 200 to 1100 
nm with a dual filter wheel system similar in design to that used in the HST’s Wide 
Field Planetary Camera (WFPC) and capable of carrying 24 filters. To date, this is 
the longest focal length framing camera flown on a planetary mission. Both Voyager 
and Galileo had 1.5 m focal length cameras. The longest focal length to date (3.5 m) 
belongs to the MOC camera on Mars Global Surveyor (Malin et ah, 1992). MOC 
is a “push-broom” system with a single-line CCD, rather than a two-dimensional 
array, having a linear FOV that is ‘pushed’ along the target by the translational 
motion of the spacecraft. 

The complementary wide-angle design initially developed for Mariner Mark II 
was to be a//2.5 Schmidt-Cassegrain reflector with a 0.3 m focal length, a 2.3° 
square FOV (compared to 0.35° for the NAC), and designed to utilize a dual filter 
wheel system carrying 14 filters covering the spectral range from 200 to 1100 nm. 
Although this original WAC design met all the scientific requirements of CRAF 
and Cassini, it was deemed too complex, heavy, and costly. By the time the Cassini 
Announcement of Opportunity was published in 1989, the Cassini WAC had evolved 
into a less expensive //4 refractor, with a 0.25 m focal length, a 2.8° FOV and a less 
desirable lower wavelength limit of 350 nm (unfortunately sacrificing the near-UV 
response). 

In November 1990, the Cassini Imaging Science team was selected (Table I) 
and it was left to this group to oversee and participate in the development of the 
ISS by JPL. As part of a serious cost reduction to the CRAF/Cassini program in 
1992 that resulted in the termination of CRAF as well as the deletion of the Cassini 
HPSP and the placement of all Cassini remote sensing instruments directly onto the 
body of the spacecraft, the Imaging Team, in collaboration with the JPL instrument 
engineers, decided to abandon the WAC optical design to save money and replace 
it with spare Voyager-era wide-angle optics. The instrument, which is the present 
Cassini WAC, became an//3.5 color-corrected refractor, with a 200 mm focal length 
and a 3.5° square FOV, fronting a new dual filter-wheel assembly and focal plane. 
The spectral range was limited to 380-1100 nm, spanned by 18 filters. 

3.2. General Introduction to Camera Characteristics 

The Cassini ISS consists of two fixed focal length telescopes called ‘cameras’ 
(Figure 13). The NAC is 95 cm long and 40 cm x 33 cm wide; the WAC is 55 cm 
long and 35 cm x 33 cm wide. Both camera systems together have a mass of 56.9 
kg. They sit on the Remote Sensing Palette (RSP) (Figure 14), fixed to the body 
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(B) 



Figure 13. Photographs taken of the flight models of the Cassini (A) Narrow-Angle Camera Head 
Assembly and (B) Wide-angle Camera Head Assembly. 
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Figure 14. The layout of the optical remote sensing instruments, including the narrow and wide- 
angle cameras of the ISS and the Stellar Reference Units (SRU), on the Remote Sensing Palette of 
the Cassini Orbiter spacecraft. The spacecraft coordinate system (X s/c, Y s/c, Z s/c) is also indicated 
in the upper left (Section 3.6.1). 



of the Cassini Orbiter, between the VIMS and the CIRS, and above the Ultraviolet 
Imaging Spectrometer. The apertures and radiators of both telescopes are parallel 
to each other. Figure 15 illustrates the FOVs of the NAC and WAC and those of 
the other remote sensing instruments on the palette. 

The cameras are identical, except in the design of the optics and the number 
of filters. Each has its own set of optics, mechanical mountings, CCD, shutter, 
filter wheel assembly, temperature sensors, heaters, various control electronics. 
Engineering Elight Computer (EEC), and Bus Interface Unit (BIU) to the central 
spacecraft Command and Data System (CDS) (Eigure 16). The electronics that 
control each camera consist of two parts: sensor head subassembly and the main 
electronics subassembly. The Sensor Head electronics supports the operation of 
the CCD detector and the preprocessing of the pixel data. The Main Electronics 
provide the power and perform all other ISS control functions, including generating 
and maintaining internal timing which is synchronized to the CDS timing of 8 
Hz, control of heaters, and the two hardware data compressors. The Cassini EEC 
is a radiation-hardened version of IBM’s standard, general purpose MIE-STD- 
1750A 16-bit computer and is the ISS processor that controls the timing, internal 
sequencing, mechanism control, engineering and status data acquisition, and data 
packetization. 

The NAC is an//10.5 reflecting telescope with an image scale of ~ 6/x rad/pixel, 
a 0.35° X 0.35° EOV, and a spectral range from 200 to 1100 nm. Its filter wheel 
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Figure 15. A diagram illustrating the fields of view of the optical remote sensing instruments (Ul- 
tra Violet Imaging Spectrometer (UVIS), Composite Infrared Spectrometer (CIRS), and Visual and 
Infrared Mapping Spectrometer (VIMS), Imaging Science Subsystem (ISS) narrow (NAC) and wide- 
angle (WAC) cameras. 



subassembly carries 24 spectral filters: 12 filters on each of two wheels. Tbe optical 
train of the WAC, a Voyager flight spare, is an//3.5 refractor with a ~60 /x rad/pixel 
image scale and a 3.5° x 3.5° FOV. The refractor design limits the lower end of the 
spectral range on the WAC which is 380-1100 nm. The WAC filter subassembly 
carries nine filters in each of two filter wheels, for a total of 18 filters. In both 
cameras, images are acquired through two filters, one on each wheel, allowing in- 
line combinations of filters for greater flexibility: i.e., polarizers in line with other 
spectral filters, new bandpasses created by the overlap of two spectral filters, etc. 



Narrow Angle Camera 
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(Continued on next page) 




Wide Angle Camera 
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Figure 16. {Continued). 
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Figure 17. A diagram illustrating the placement of the ISS-controlled replacement and performance 
(‘active’) heaters and spacecraft-controlled heaters which thermally stabilize the ISS and keep it 
within flight-allowable operating limits. 



The NAC is thermally isolated from the RSP in order to minimize the effects 
of RSP thermal transients on the NAC image quality. Unlike the NAC, the WAC 
has less stringent image quality requirements and its hulk temperature control is 
provided hy the pallet. Figure 17 illustrates the placement of heaters within the 
ISS. 

The temperature of the CCD is controlled hy a passive radiator, directly con- 
nected to the focal plane, along with an active ‘performance’ heater on the 
CCD to adjust the temperature. The temperature of the optical elements is con- 
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trolled by active ‘performance’ heaters positioned along the optical path. The 
radiator subassembly also includes two sets of spacecraft-controlled decontami- 
nation heaters, which are used to minimize deposition of volatile contaminants on 
either the detector or radiator and to minimize radiation damage to the CCD. All 
heaters are commandable (On or Off) during flight. 

The ISS has three operational power states: On, Sleep and Off. In the On state, 
the cameras are Active or Idle. In this state, both the spacecraft replacement heaters 
and ISS decontamination heaters are Off. The camera software has active control 
over the performance heaters to set appropriate operating temperatures for the op- 
tics and CCD detector. The Active sub-state is entered to collect science data as 
well as for calibration and maintenance activities. Command execution in the Ac- 
tive state includes science data readout, filter wheel movement, shutter movement, 
activation of light flood and calibration lamps, and other high power-consuming 
activities. Idle is a background state in which no commands are executing. When 
the camera is in Idle state, uploads can be processed, real-time and ‘trigger’ com- 
mands can be accepted from the CDS (Section 3.7), and macros can be stored. 
The execution of any command sends the camera into the Active state. The camera 
always returns to Idle state after completing a command sequence. Peak power 
consumption during active imaging is 26.2 W in the NAC and 19.4 W in the WAC 
(Table VI). 

The ISS Sleep state is a non-data-taking low power state that is used when no 
activity is planned for an extended period. During this state, the sensor head and 
main ISS electronics are drawing power, and the optics and CCD heaters are On to 
maintain operating temperature limits. Spacecraft controlled replacement heaters 
are Off. The decontamination heaters may be used, if necessary. In Sleep, the NAC 
consumes 22.3 W, and the WAC consumes 16.4 W. 

In Off, no power is drawn by the ISS in either the NAC or WAC. The spacecraft 
controlled replacement heaters and ISS decontamination heaters may be turned 



TABLE VI 

Power states of the ISS. 



Camera state 


Estimated power 
for NAC (W) 


Estimated power 
for WAC (W) 


Off (includes replacement heat) 


8.4 


4.5 


On/Sleep 


22.3 


16.4 


On/Idle 


22.3 


16.4 


On/ Active 


26.2 


19.4 


Off/Decon Level 1 (includes replacement heat) 


25.7 


21.4 


Off/Decon Level 2 (includes replacement heat) 


35.0 


30.7 



Currently, Decon 1 draws 20 W, and Decon 2 draws 10 W for both NAC and WAC. The 
average operating power is 45.6 W during Cruise when NAC and WAC are turned on. 
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On when necessary. The replacement heaters keep the ISS within allowable flight 
non-operating temperature limits and the decontamination heaters can he used to 
provide for CCD protection from the radiation environment and from the conden- 
sation of volatiles. In this state, the NAC consumes 8.4 W and the WAC, 4.5 W. 



3.3. Optics 

3.3.1. Design 

The essential difference between the narrow and wide angle camera lies in the 
design of the optical train. The NAC optics were specially designed to improve on 
the quality and resolution of images of the bodies in the Saturn system returned 
by Voyager. It is based on a Ritchey-Chretien reflector design. The focal plane 
fields of view for both cameras are limited by the size of the CCD. The NAC 
point spread function (PSF) was designed to be approximately the same physical 
size as a pixel in the near-IR. Because of the Voyager optics, the same is not true 
for the WAC, whose PSF is somewhat larger than the pixel size. The full width 
at half maximum (FWHM) of the PSFs of the NAC and WAC through the clear 
filters are 1.3 and 1.8 pixels, respectively. The in-flight measured characteristics of 
the optics of both the NAC and WAC as well as other characteristics are given in 
Table VII. 

All the reflective optical elements within the NAC (the primary and secondary 
mirrors) are manufactured of fused silica; all refractive NAC elements (such as the 
field correctors and the window on the sealed CCD package) are made of either fused 
silica or single-crystal vacuum-UV-grade calcium fluoride. The optical elements in 
the WAC are composed of radiation-hardened optical glass (BK7 or lithium fluo- 
ride) or fused silica. Antireflection coatings consisting of single layer MgFl 2 were 
deposited on all optical elements (except the NAC mirrors) in both cameras, such 
as the field correctors in the NAC and the primary optics in the WAC; a multi-layer 
MgFl 2 coating was applied to the primary and secondary aluminum-coated mirrors 
in the NAC to enhance reflectivity. A fused silica quartz plug is placed immediately 
in front of each CCD package to protect the detector against radiation damage and 
to minimize radiation-induced noise in the images. The spectral transmissions of 
the NAC and WAC optics are shown in Figure 18. 

3.3.2. Geometric Fidelity 

The use of a CCD ensures that the image geometry is not affected by the bright- 
ness, or gradients in brightness, across the scene as it is in a vidicon detector, like 
Voyager’s, with a particle beam readout. Any departure from geometric fidelity in 
the Cassini cameras is expected to come from the optical elements and/or thermal 
effects thereon. The long focal length of the NAC makes optical image quality 
especially vulnerable to temperature changes and gradients along the barrel of the 
camera. Both cameras were designed to remain in focus without an active focus 
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TABLE Vll 

Cassini ISS characteristics. 




General 






CPU 


1BMM1L-STD-1750A 
16-bit processor 




CCD 


Three-phase, front-side illuminated 




Pixel size 


12 jUm 




Format 


1024 X 1024 




Available exposures 


64 commandable settings, 5 msec-1200 s 




Minimum framing time 


1 1 s (4 X 4 sum, highest CDS pickup rate) 


Signal digitization 


12 bits, 4095 DN 




Summation modes 


1 X 1, 2 X 2, 4 X 4 




Pixel full well 


120,000 e" (normal); 1,000,000 
e“ (low gain, 4x4) 




Data conversion (12:8) 


‘Square Root Encoding’ (LUT), 
Least-Significant 8 Bits (L58B) 




Data compression 


Lossless; Lossy 




Read noise level 


12 e“ (high gain state) 






NAC 


WAC 


Type 


Reflector 


Refractor 


Mass 


30.5 kg 


26.4 kg 


Dimensions 


95 cm X 40 cm x 33 cm 


55 cm X 35 X 33 cm 


FIN 


10.5 


3.5 


Focal length 


2002.70 ± 0.07 mm 


200.77 ± 0.02 mm 


Pixel angular size 


5.9907 /rr/pixel 


59.749 /xr/pixel 


FOV 


6.134 mrad 


61.18 mrad 


FWHMofPSF 


1.3 pixels 


1.8 pixels 


Peak power (active) 


26.2 W 


19.4 W 


Spectral range 


200-1050 nm 


380-1050 nm 


Filter positions 


12x2 Hlter wheels 


9x2 Hlter wheels 


Gain state 


0: 1: 2: 3 


0: 1: 2: 3 


Gain values (e-/DN) 


233: 99: 30: 13 


211: 85: 28: 12 


Gain state factors 


0.13: 0.31: 1.0: 2.36 


0.13: 0.31: 1.0: 2.36 


Limiting magnitudes (in texp 


Mv 14 


Mv -- 11.6 



= 1 s, gain state 2, 12-bit data) 



mechanism. Instead, heaters have been placed in both cameras at various locations 
(Figure 17) to (i) maintain the temperatures of the optical elements within 1 °C in 
the NAC and 5 “C in the WAC of the nominal temperature, and (ii) maintain the 
temperature difference along the barrel within 2 °C in the NAC and 10 °C in the 
WAC. Low expansion invar spacers help maintain focus in the NAC. 
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Figure 18. The transmission of the optics of the NAC and the WAC as measured pre-flight. The WAC 
optics are Voyager-era spare optics which were used in order to reduce costs. 



In an ideal camera, the position of an object in the image plane is linearly 
proportional to its angular distance from the optical axis. Departure from this ideal 
is expressed as geometric distortion. The larger FOV of the WAC makes it more 
susceptible to such distortions. Measurements of distortion and its dependence on 
temperature and spectral bandpass in the NAC and WAC were made on the ground 
and in flight. 

If Robs is the observed radial distance of a point from the optic axis, and the 
ideal radial distance, the relation can be expressed as 7?obs = ^id T (1 + k * R^). 
The ground-based measurements suggested distortions up to about Robs — R\d ~ 
3.6 ±0.2 pixels in the corners of the CCD in the WAC, independent of spectral 
bandpass, over the optics temperature range of — 10° to ±25°C. (Nominal operating 
optics temperature is 5 °C). Ground-based measurements were not made on the NAC 
since analytical calculations indicated distortions less than 1 pixel. 

During the cruise from launch to Jupiter, observations were made of the Pleiades 
and on the open cluster M35 in Gemini in both cameras to determine focal length 
and distortion, as these observations are capable of far greater accuracy than the 
ground measurements and also apply to the flight state of the cameras. These im- 
ages demonstrated a consistent distortion parameter for the WAC of k = —6.27 ± 
0.25 X 10“^ mm“^, and slight changes in focal length as a function of filter com- 
bination. The WAC focal length in the clear filter is 200.77 ± 0.02 mm. Focal 
lengths in other filter combinations range from 200.71 to 201.22 mm, yielding a 
range in image radius of 1.27 pixels for a nominal 500-pixel radius object. Thus, 
individual filter combinations need to be fully calibrated to determine specific focal 
length. The distortion parameter remains essentially constant in the different filters. 
In-flight distortion measurements for the WAC are consistent with those taken from 
the ground: 3.36 pixels in the corners. 
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In the NAC, in-flight measurements from M35 yielded a distortion parameter 
of /: = —8.26 ± 0.23 x 10“® mm“^, 0.45 pixels of distortion in the corners, and 
a clear filter focal length of 2002.70 ± 0.07 mm. NAC focal lengths in different 
filters range from 2002.13 to 2003.09 mm, yielding a range in radius of a nominal 
500-pixel target of 0.24 pixels. 

The resulting nominal pixel scale for the NAC is 5.9907 /xrad/pixel; for the 
WAC it is 59.749 /xrad/pixel. 

(It was found that the pixels are systematically rectangular, and not square, at a 
level 9 X the measurement error in the NAC and the 25 x the measurement error in 
the WAC, and that they are slightly smaller in the line direction, yielding a different 
scale in one direction than in the other. However, the difference from square is only 
0.01% of the pixel size (or image scale) and is not likely to affect either spatial or 
photometric measurements in any significant way.) 



3.4. Spectral Filters: Science Justification, 

Characteristics and Placement 

The selection of filters for the Cassini ISS and their distribution between the two 
cameras were determined by the scientific objectives to be addressed by each cam- 
era, the cameras’ spectral range and capabilities, and even the orbital tour itself. 
The fundamental nature of an outer planet orbiter mission like Cassini, which 
is required to examine many targets at close range at various distances from the 
planet and is therefore characterized by highly eccentric planet-centered orbits and 
very fast flybys, mandates coverage of a wide range of viewing and phase an- 
gles in very short time intervals. Viewing and phase angle coverage is required 
for all photometric science, including major Cassini objectives such as charac- 
terizing the nature of the icy satellites’ terrains, the nature of the ring particles 
and their size and vertical distributions, and the scattering behavior and vertical 
distribution of hazes and clouds in the atmospheres of Saturn and Titan. It is dur- 
ing the periods nearest closest approach to Saturn, Titan and the icy satellites 
that the largest variation in viewing and phase angles occurs. These geometries 
are not, in general, duplicated at other times during the tour, yet these intervals 
around closest approach do not allow sufficient time to cover the necessary terri- 
tory with the NAC. While the NAC will be used for spectropho tome trie observa- 
tions on approach to a target when sequencing time is generally not a contentious 
issue, this task will be handed over to the WAC during the times nearest closest 
approach. 

To this end, more than half of the NAC filters are duplicated in the WAC. Seven 
medium/broad-band filters from the blue to the near-IR for spectrophotometry, two 
methane and two continuum band filters for atmospheric vertical sounding, two 
clear filters, and a narrow band Ha filter for lightning observations are all carried 
on both cameras. For these common filters, the bandpasses are actually shifted a 
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little (up to 15 nm) because of the differing spectral transmissions of the WAC and 
NAC optics. These common filters will also enable a cross-check on radiometric 
calibrations. 

The ISS filter assembly design - consisting of two filter wheels and a filter 
changing mechanism - is inherited from the HST WF/PC camera. Each wheel is 
designed to move independently, in either the forward or reverse direction, at a rate 
of two filter positions per second in the WAC and three positions per second in 
the NAC. A homing sensor on each wheel defines a home wheel posifion: wheel 
posifioning can be commanded absolutely or relatively. 

(The layouf of fhe filters in each filter wheel in each camera is illusfraled in 
Figure 19; filler characlerislics are lisled in Table VIII; fhe specfral Iransmissions 
are plotted in Figures 20-22.) 



A. NAC: 





(Wavelengths, in nm. are central wavelengths computed using 
the full system transmission function.) 



Filler Wheel# I Fiilef Wheel #2 



1) CLK6IIW) 

2) Red(650W) 

3) BLK45IW)) 

4) UV2(29SW) 

5) UVK25SW) 

6) IRP0(746W) 

7) PI20(6I7W) 

8) P60 (6I7W) 

9) PO (6I7W) 

10) HAL(656N) 

11) IR4(I002LP) 

12) IR2(862W) 



1) CL2(6IIW) 

2) GRN(568W) 

3) UV3(338W) 

4) BL2<440M) 

5) MT2(727N) 

6) CB2(750N) 

7) MT3(889N) 

8 ) CB3(938N) 

9) MTH6I9N) 

10) CBI (6I9N) 

11) lR3(930W) 

12) IRI (752W) 



Figure 19. The distribution of the Cassini spectral filters in the two filter wheels in the NAC and WAC. 
The numerical values quoted for each filter are the central wavelengths computed using the full system 
transmission function (Table VIII) and are the numerical ‘names’ by which the filters are referenced. 

{Continued on next page) 
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B. WAC: 




' 0^0 

o oi 

'®0 0 ®' 



WAC Filters 



(Wavelengths, in nm, are central wavelengths computed using 
the full system transmission function.) 



Filter Wheel #1 


Filter Wheel #2 


1) 


CLl (635 W) 


1) 


CL2 (635W) 


2) 


IR3 (9I8W) 


2) 


RED (648W) 


3) 


IR4(I00ILP) 


3) 


CRN (567W) 


4) 


IR5(I028LP) 


4) 


BLI (460W) 


5) 


CB3 (939N) 


5) 


VIO (420SP) 


6) 


MT3 (890N) 


6) 


HAL (656N) 


7) 


CB2 (752N) 


7) 


IRP90 (705W) 


8) 


MT2 (728N) 


8) 


IRPO (705W) 


9) 


IR2 (853W) 


9) 


IRI (742 W) 



Figure 19. (Continued). 



Specific scientific considerations that dictated filter choices included the 
following. 

1 . Achieving the highest possible sensitivities for imaging faint targets as well as 
allowing short exposure times to minimize smear during close flyhys. There are 
clear filters in each filter wheel, sensitive to the full spectral range of the CCDs. 
The clear filter is in the “home” slot of each filter wheel, since it was deemed 
that sticking of a filter wheel, should it occur, was most likely to occur in the 
home position. Typically, a clear filter in one wheel is combined with a color 
filter in the other wheel. Because of the use of Voyager refractive optics, the 
CLl filter in the WAC is a special thin filter designed to improve focus across 
the entire spectral range of the WAC when used in combination with the filters 
on the second WAC filter wheel (Figure 19). 

2. Covering the spectral range of the CCD for color imaging of a wide range of 
targets. These are a set of medium- and broad-band color filters and include the 
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TABLE VIII 
ISS filter characteristics. 



Filter 


■^cen,NAC 


^eff.NAC 


^cen,WAC 


^eff.WAC 


Science justification 


UVl 


25 8 W 


264 


- 


- 


Aerosols 


UV2 


298W 


306 


- 


- 


Aerosols, broad-band color 


UV3 


338W 


343 


- 


- 


Aerosols, broad-band color, polarization 


VIO 


- 


- 


420SP 


420 


Broad-band color 


BL2 


440M 


441 


- 


- 


Medium-band color, polarization 


BLl 


45 IW 


455 


460W 


463 


Broad-band color 


GRN 


568W 


569 


567W 


568 


Broad-band color 


MTl 


619N 


619 


- 


- 


Methane band, vertical sounding 


CBl 


619N 


619 


- 


- 


Two-lobed continuum for MTl 


CBla 


635 


635 


- 


- 




CBlb 


603 


603 


- 


- 




RED 


650W 


649 


648W 


647 


Broad-band color 


HAL 


656N 


656 


656N 


656 


H- alpha/lightning 


MT2 


727N 


727 


728N 


728 


Methane band, vertical sounding 


CB2 


750N 


750 


752N 


752 


Continuum for MT2 


IRl 


752W 


750 


742W 


740 


Broad-band color 


IR2 


862W 


861 


853W 


852 


Broad-band color; ring absorption band 


MT3 


889N 


889 


890N 


890 


Methane band, vertical sounding 


CB3 


93 8N 


938 


939N 


939 


Continuum for MT3; see thru Titan haze 


IR3 


930W 


928 


918W 


917 


Broad-band color 


IR4 


1002LP 


1001 


lOOlLP 


1000 


Broad-band color 


IR5 


- 


- 


1028LP 


1027 


Broad-band color 


CLl 


611 


651 


635 


634 


Wide open, combine with wheel 2 filters 


CL2 


611 


651 


635 


634 


Wide open, combine with wheel 1 filters 


PO 


617 


633 


- 


- 


Visible polarization, 0° 


P60 


617 


633 


- 


- 


Visible polarization, 60° 


P120 


617 


633 


- 


- 


Visible polarization, 120° 


IRPO 


746 


738 


705 


705 


IR polarization; see through Titan haze 


IRP90 


- 


- 


705 


705 


IR polarization; see through Titan haze 



All wavelengths in nm. Central wavelengths (‘cen’) are computed using the full system transmission 
function (i.e., item (12) given in Section 3.13.1). These numbers are taken to be the numerical name 
assigned to the filter. Effective wavelengths (‘eff’) are computed using the full system transmission 
function convolved with a solar spectrum (Figure 23). Bandpass types: SP: short wavelength cutoff; 
W: wide; N: narrow; LP: long wavelength cutoff. 

BLl, GRN, RED, IRl, IR2, IRS, and IR4 filters on both cameras, and the UVl, 
UV2, and UV3 (NAC only) and VIO and IRS (WAC only) (Figure 20). 

Because of its reflecting optics and its unique ability to see in the UV, only 
the NAC carries filters for UV observations. The lumogen coating on the CCDs 
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Figure 20. System transmission functions for NAC and WAC broad- and medium-band filters. Filters 
for the NAC are as follows: UVl, UV2, UV3 (purple: solid, dotted, and dashed); BLl, BL2 (blue: 
solid and dashed); CRN (green); RED, (red); IRl, IR2, IRS, and IR4 (orange: solid, dot-dash, dashed, 
and dotted). For the WAC: VIO (purple), BLl (blue), CRN (green), RED (red), IRl, IR2, IR3, IR4 
and IR5 (orange: solid, dashed, dotted, and the latter two not shown). The CL1/CL2 filter combination 
is given by the solid black line in both plots. 



(Section 3.6) provides a unique spectral capability, unavailable on either tbe 
Voyager or Galileo imaging systems, wbicb Cassini carries to tbe outer solar 
system for tbe first time. It enables spectral response down to 200 nm. To take 
advantage of this capability, the range from 230 to 390 nm is spanned by three UV 
filters: UVl, UV2, and UV3. These provide the best visibility of stratospheric 
aerosols and potential UV auroral phenomena (as observed at Jupiter; Porco 
et al. 2003), and may aid discrimination of satellite and ring surface materials of 
special interest such as carbonaceous materials (Wagner et al., 1987). However, 
the solar spectral irradiance at Saturn is extremely low in the UV, especially at 
255 nm (UVl) (Figure 23) so long exposure times will be needed and 2x2 
or 4 X 4 summation modes may be used to increase the signal to noise ratio 
at these wavelengths. The demonstrated stability of the spacecraft on reaction 
wheels enables investigations of Saturn system targets in the UV not previously 
possible with Voyager. 
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Figure 21. System transmission functions for the NAC and WAC narrow-band filters. NAC filters 
are as follows: MTl, MT2, MT3 (purple: solid, dotted, and dashed); CBl, CB2, CB3 (green: solid, 
dotted, and dashed); and HAL (red). WAC filters are HAL (red), MT2, MT3 (purple: solid and dashed); 
CB2 and CB3 (green: solid and dashed). The geometric albedo of Titan is also given (solid black) to 
illustrate the placement of the methane band and continuum filters relative to the methane features in 
the spectrum of Titan. 




Figure 22. System transmission functions for the NAC visible and infrared, and the WAC infrared, 
polarizers. 
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Figure 23. The solar spectrum that has been used in performing calibrations of the ISS (Tobiska 
et al., 2000). 

3. The need for narrow band filters for atmospheric studies. Methane absorption 
bands and continuum wavelengths are available for studying the vertical struc- 
ture; these include MTl and CB 1 (NAC only), MT2 and CB2, and MT3 and CB3. 
(CB 1 is a two-lobed continuum filter, with lobes on each side of the methane 
absorption band.) The HAL filter is included on both cameras for Ha emissions 
from lightning on Saturn (Figure 21). 

Though both cameras are capable of seeing into the near-IR at ~1.0 /x, the 
WAC is nine times faster for a given exposure than the NAC. It is consequently 
better equipped to sense this spectral region for either broad-band color imaging 
or atmospheric sounding where the CCD quantum efficiency and solar flux are 
declining and a large camera throughput is desired. (This benefit is reduced 
somewhat by the Voyager optical coatings.) 

4. Polarization filters, for the study of the scattering properties of atmospheres, 
rings, and satellite surfaces. Three polarizers with principal transmission axes 
separated by 60° are sufficient to measure intensity and the degree and direction 
of linear polarization regardless of camera orientation, and so provide the greatest 
viewing versatility. Three such polarizers, useful only in the visible spectrum are 
carried in the NAC: PO, P60 and P120 (Figure 22). Given the reduced number 
of filter slots in the WAC, it does not include the visible polarizers. However, 
the WAC carries two orthogonal infrared polarizers, IRPO and IRP90, which can 
provide intensity and the Stokes parameter, Q, referenced to the principal axes 
of the polarizers. If the polarizers are oriented parallel or perpendicular to the 
scattering plane, the information provided by Q is in most cases as informative 
as that provided by three polarizers because the polarized electric vector is 
usually aligned parallel or perpendicular to the scattering plane. Estimates of Q 
referenced to the scattering plane can be made for other orientations but with 
diminishing precision as the angle between the scattering plane and the polarizer 
axis approaches 45° at which point the measurement of Q is not useful. 
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TABLE IX 
Two-filter bandpasses. 



Camera 


Filters 


^cen (nm) 


Leff (nm) 


NAC 


UV2-UV3 


316 


318 


NAC 


RED-GRN 


601 


601 


NAC 


RED-IRl 


702 


702 


BOTH 


IR2-IR1 


827 


827 (NAC) 






826 


826 (WAC) 


NAC 


IR2-IR3 


902 


902 


NAC 


IR4-IR3 


996 


996 



The NAC has only one infrared polarizer, IRPO. By measuring the intensity 
in this polarizer and also in the clear filter, we can measure Q although with less 
accuracy than is achieved with two orthogonal polarizers. 

The polarizers are, of course, to he used in combination with other spectral 
filters and so filter placement was important. In the NAC, the three visible po- 
larizers and the one IR polarizer can all be used in conjunction with a suite of 
spectral filters on the opposite wheel covering the UV to the near-IR. In the 
WAC, two broad-band filters IR2 (853 nm) and IR4 (1002LP nm), and the four 
narrow-band filters - the two strong methane filters MT2 (728 nm) and MT3 
(890 nm) and the accompanying continuum band filters CB2 (752 nm) and CB3 
(939 nm) - are all placed in the same wheel opposite the wheel containing the 
two IR polarizers. The polarizers on both the NAC and WAC will be used to 
reduce contributions from scattering by atmospheric haze. In particular, the IR 
polarizers on both cameras will aid in imaging the surface and lower atmosphere 
of Titan, especially when used in combination with near-IR filters such as CB3. 
The ability to reduce scattering from haze is most effective near 90° solar phase 
angle. 

5. The requirement to image in particular absorption bands. Although the common 
filter choices involve use of either a clear or polarizing filter in one filter wheel 
and a spectral filter in the other, we have designed spectral overlap into the broad- 
band color filters to create a series of two-filter bandpasses to be used primarily 
in the NAC (Figure 24; Table IX). The two-filter bandpasses were, when 
possible, designed to cover potential absorption bands of candidate materials, 
such as weak bands of ammonia (NH 3 ), methane (CH 4 ), and water (H 2 O) ices. 
There is also a weak band at 600 nm, of unknown origin, in the spectra of 
several satellites, which can be mapped out with the RED/GRN combination. 
The IR1/IR2 two-filter bandpass (available on both NAC and WAC) may permit 
detection of nitrogen emission lines on Titan. A reasonable job of identifying 
and mapping the 800-1100 nm region, where silicates and oxides containing 
Fe^+ and Fe^+ produce absorption bands, can be done via use of the following 
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filter combinations: CL1/CB2 (750 nm), IR2/1R1 (827 nm), 1R2/IR3 (902 nm), 
CL1/CB3 (938 nm), 1R4/IR3 (996 nm), 1R4/CL2 (1002LP nm) or 1R5/CL2 
(1028LP nm). 

On the WAC, with the spare Voyager refractive optics, we encountered difficulty 
in achieving a sharp focus in filter combinations that did not utilize the thin CLl 
filter. As a result, the only useful two-filter bandpass in the WAC is IR1-1R2. 

3.4.1. Filter Fabrication 

With the exception of the clear filters and the polarizers, the filters are all inter- 
ference filters manufactured using an ion-aided deposition (lAD) process which 
makes the filters temperature and moisture tolerant and resistant to de-lamination. 
Conventional interference filters have passbands that shift with temperature. The 
shift can be significant for narrow-band filters such as those targeted to methane 
absorption bands or the Ha line. Temperature shifts for lAD filters are typically an 
order of magnitude or more smaller than for conventional filters and are insignificant 



NAC Combined niters 



200 



400 




600 800 
Wovelength (nm) 



1000 1200 



Figure 24. System transmission functions for selected filter combinations in the NAC and WAC. 
NAC filter combinations are as follows: UV2/UV3 (purple), RED/GRN (green), RED/IRl (red: 
solid), IR1/IR2 (red: dotted), IR2/IR3 (red: dashed), and IR3/IR4 (red: dot-dashed). 
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over the temperature range (room temperature to 0° C) relevant to calibration and 
operation of the Cassini cameras. 

The NAC visible polarizers consist of a thin film (less than 1 /xm thick) of 
a polarizing polymer deposited between two fused silica plates. Ideal polarizers 
block only photons whose electric vector is orthogonal to the principal axis of the 
polarizer. The visible polarizers fall short of this ideal behavior in two ways. They 
transmit too little of either polarization in the ultraviolet, and too much of the light 
polarized orthogonal to the principal axis in the near-infrared. Their performance 
is best between 450 and 650 nm, where the principal axis transmission is between 
0.45 and 0.65 and the orthogonal transmission is less than 1%. The useable range 
of the visible polarizers extends from the UV3 filter near 350 nm to the CB2 filter 
at 750 nm. 

The infrared polarizers have a 1 mm thick layer of Polarcor (trademark Coming) 
cemented between two slabs of BK7-G18 glass. Polarcor is a borosilicate glass 
impregnated with fine mefallic wires. The infrared polarizers have much heller 
performance over Iheir range (700-1100 nm) where Ihe principal Iransmission is 
grealer lhan 0.9 and Ihe orlhogonal Iransmission is 0.001 or less. 



3.5. Shutter 

Befween Ihe filler wheel assembly and Ihe CCD delecfor is Ihe shutter assembly, 
a Iwo-blade, focal plane eleclromechanical system derived from Ihe one used on 
Voyager, Galileo and WFPC. To reduce scattered lighl, Ihe shutter assembly was 
pul in Ihe optical Irain ‘backwards’, wifh Ihe unrefleclive side towards Ihe focal 
plane, unlike ils posilioning in Ihe Voyager and Galileo cameras. Each blade moves 
independenfly, acluated by ils own permanenl magnel rolary solenoid, in Ihe sample 
direction: i.e., keeping Ihe blade edge parallel to Ihe columns of Ihe CCD (see 
Section 3.6.1). The shutter assembly is operated in Ihree phases: open (one blade 
sweeps across Ihe CCD), close (Ihe olher blade sweeps across Ihe CCD to join Ihe 
firsl), and resel (bolh blades simullaneously sweep across Ihe CCD in Ihe reverse 
direction to Ihe slarl position). 

There are 64 commandable exposure settings which can be updated during flighl 
if so desired. These correspond to 63 differenl exposure limes, ranging from 5 ms to 
20 min, and one ‘No Operation’ setting. (The shorlesl non-zero exposure is 5 ms.) 
In Ihe ISS flighl software, Ihe lime lag on Ihe image is Ihe lime of Ihe close of Ihe 
shutter. Because of mechanical imperfections in Ihe shutter mechanism, Ihere is a 
difference belween Ihe commanded exposure lime and Ihe aclual exposure time, and 
a gradienl in exposure time across Ihe CCD columns. Al an operating lemperalure 
of 0°C, Ihe mean differences in Ihe NAC for commanded exposure limes of 5, 25 
and 100 ms were measured to be 0.98, 1.52 and 0.97 ms, respectively. In Ihe WAC, 
Ihe differences are 0.15, 0.39 and 0.07 ms. In all cases, Ihe aclual exposure times 
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are less than the commanded times. There is also a small temperature dependence 
to these shutter offsets. 

The 1024th column is illuminated first in both cameras. In the NAC, this column 
is illuminated for ~0.3 ms longer than the first column; in the WAC, the 1024th 
column is illuminated ~0. 1 ms longer than the first. These values are independent of 
exposure time and reasonably independent of temperature. The expected precision 
or repeatability of an exposure (equal to the standard deviation of actual exposure 
durations measured at any one location on the CCD in ground tests) is <0.03 ms 
for the NAC and <0.04 ms for the WAC. Corrections for the mean and the spatially 
dependent shutter offsets are incorporated into Cassini ISS calibration software 
(CISSCAL). The shutters were tested for light leak. None was detectable in the 
NAC at a fluence level of 12,000 times full well exposure on the closed shutter. A 
small signal was detected in the WAC. It produced 1 DN (12 electrons) or less at a 
level of 10,000 times full well incident on the closed shutter. 



3.6. Detector 

The CCD detector used in the Cassini ISS was manufactured by Loral, packaged 
by JPL, and employs three phase, front-side-illuminated architecture. The imaging 
area - the region on which light is focused - is a square array of 1024 x 1024 pixels, 
each 12 /X on a side. The CCDs on both cameras were packaged, hermetically sealed 
and fronted by a fused silica window. 

The CCD’s response to light is determined by the spectral dependence of each 
pixel’s quantum efficiency: i.e., the number of electrons released in the silicon 
layer for each photon incident on it. In front- side-illuminated CCDs (like that in 
the Cassini ISS), the overlying polysilicon gate structures do not transmit UV light. 
To achieve the required UV response, a UV-sensitive organic fluorescent material 
called lumogen was vacuum-deposited onto the CCD at 4-80° C after it was bonded. 
In this 0.6 /X layer, UV photons are converted into visible photons in the range 540- 
580 nm that readily penetrate the silicon below. Under vacuum conditions, the 
lumogen layer would tend to evaporate when CCD temperatures reached 4-60° C. 
For this reason, the CCD sealed packages were back-filled with inert argon gas to 
a half atmosphere pressure. All flight candidate CCDs were coated with lumogen 
before the two flight CCDs were chosen and assigned to each camera. Hence, 
despite the fact that the WAC optics do not transmit in the UV, the WAC CCD is 
also coated with lumogen. 

The efficiency of a CCD in the near-IR depends on its thickness, or more pre- 
cisely on the thickness of the very thin, high-purity silicon layer which is epitaxially 
grown over a thicker ('^500 /x) substrate. It is the photons absorbed in the epitaxial 
layer that are converted into the signal electrons that are subsequently collected 
and sampled. Nearly all of the near-IR photons actually penetrate beyond the ‘epi’ 
layer and create charge in the substrate. However, the purity contrast between the 
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Figure 25. The quantum efficiency of the CCDs in the NAC and WAC, as measured during the ground 
calibration. Despite the fact that the WAC optics are opaque in the ultraviolet, the WAC CCD was 
also coated with lumogen and consequently has significant response in the UV. 



substrate and the epi layer prevents substrate-generated charge from entering the 
epi layer and being collected. Thus, the 1100 nm quantum efficiency is essentially 
the fraction of incident flux which is absorbed in the thin layer of pure silicon: the 
thicker the ‘epi’ layer, the higher the infrared sensitivity. 

However, the thicker this layer, the lower the spatial resolution. A compromise 
was made in the manufacture of the CCD to yield some response near 1100 nm 
while maintaining high spatial resolution. The ‘epi’ layer is 10-12 /xm thick on 
Cassini and results in a quantum efficiency (QE) of ~1% at 1000 nm. 

Figure 25 shows the quantum efficiency versus wavelength of the CCDs carried 
in Cassini ISS. 

A compromise involving the near-IR response was also made in choosing the 
CCD operating temperature. At Saturn, this temperature is —90° ± 0.2° C and is a 
compromise between yielding an acceptably low dark current (<0.3 e“/sec/pixel) 
and maintaining a reasonable near-IR response (which is diminished at low tem- 
peratures). CCD thermal control is achieved by means of balance between passive 
radiation to space, which alone would maintain the CCD helow its operating tem- 
perature at Saturn, and active heater control. The radiator of each camera also 
supports a decontamination heater (35 W in all) that can heat the CCD to 4-35° C 
to reduce the deposition of volatile contaminants on either the detector or the radi- 
ator. (Because damage to the CCD due to cosmic rays can be annealed at elevated 
temperatures, the CCD operating temperature during cruise, when data were not 
being collected, was maintained at 0° C to minimize such damage.) 

The CCD has the capability of being commanded to operate in full mode (i.e., 
1 X 1) or either 2 x 2 or 4 x 4 on-chip pixel summation modes. The latter two 
modes are used for either enhancing signal to noise and/or decreasing the data 
volume and/or readout time at the expense of spatial resolution. The full well of the 
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TABLE X 

Gain values (electrons/DN) and Ratios (Relative to Gain 2) for the different gain 
States in the ISS. 



Gain state 


NAC (e-/DN) 


Ratio 


WAC (e-/DN) 


Ratio 


0 


Designed for 4 x 4 


233 ± 29 


0.134 


211 ± 16 


0.134 


1 


Designed for 2 x 2 


99 ± 13 


0.314 


85 ±7 


0.311 


2 


Used in 1 X 1 


30 ± 3 


1.000 


28 ± 1 


1.000 


3 


Used in 1 x 1* 


13 ± 2 


2.36 


12 ± 1 


2.36 



*The highest gain state was chosen to match the read noise. 



CCD is roughly 120,000 e“/pixel. Four gain states are available: for imaging faint 
objects (high gain, Gain 3) and bright objects (normal gain. Gain 2), and to match 
the output of the 2x2 (Gain 1) and 4x4 (Gain 0) full wells. The summation 
well can hold only 1.6 x 10^ electrons; this corresponds to full well with 4x4 
summing. However, the relation between number of electrons in the signal and 
the digital data numbers (DN) into which the signal is encoded starts to become 
nonlinear above 10^ electrons because at this signal level, the on-chip amplifier 
becomes nonlinear. For this reason, in the lowest gain state (Gain 0), the full-scale 
signal is set to correspond to ~10^ electrons at 4095 DN. The array of summation 
and gain state options as well as the uncertainties in each gain are given in Table X. 

The capability also exists within the ISS to reduce the effect of blooming, the 
phenomenon whereby a highly overexposed pixel can spill electrons along an entire 
column of pixels, and sometimes along a row, when the full well of the CCD is 
exceeded. The default camera setup has anti-blooming On, with the option to turn it 
Off. Anti-blooming mode is achieved by applying an AC voltage to the chip, forcing 
excess electrons into the silicon substrate. An undesirable side effect of this action 
is to pump electrons into traps in the silicon at the expense of electons in adjacent 
pixels. For long exposures (longer than about 20 s) this produces bright/dark pixel 
pairs. These were initially present in nearly all the NAC flat-held files obtained 
during calibration in the thermal vacuum chamber. Corrected flat-field files with 
these pixel pairs removed have been created. 

3.6.1. Coordinate System and Readout Scheme 

There are two ISS coordinate systems in use: the one officially used on the Cassini 
Project to describe camera orientation (X cm, Y cm), which is directly related to 
the readout directions of the CCD samples and lines, and another used in general 
by imaging scientists (X im, Y im) to describe images which are rotated from the 
target being imaged. There is also the spacecraft coordinate system (X s/c, Y s/c, 
Z s/c). Figure 26 indicates the relationships among all these systems. 

The cameras and other instruments on the RSP are pointing in the — Y s/c di- 
rection. The positive Z s/c axis points towards the spacecraft’s main engines; the 
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Figure 26. An illustration of the relationships among the three main coordinate systems involved 
in the analysis and interpretation of image geometry: the spacecraft coordinate system (X s/c, Y s/c, 
Z s/c), the JPL/ISS coordinate system (X cm, Y cm, Z cm) (which is determined by the readout of the 
CCD, indicated by arrows drawn in the CCD Window (ie, the physical sample and line directions, 
(i-, 1) = (X cm, Y cm)), and the coordinate system generally used in the display and examination of an 
image, (X im, Y im). In this diagram, the spacecraft +X s/c is aligned with inertial north; celestial (or 
astronomical) east is indicated. The optics rotates the image of the target, as well as the image of the 
spacecraft’s orientation in inertial space, 180°, from their true inertial space orientations. 

— Z s/c points towards the High Gain Antenna; the +X s/c axis is up. In Figure 26, 
the CCD readout proceeds as follows. 

The hottom line of the CCD is shifted down (i.e., toward the remote sensing 
palette, toward {—X s/c)) into a vacant one-line serial register. This line is then 
shifted to the left (in the +Z s/c direction), pixel hy pixel, to the signal chain until 
the entire line is readout. The pixels are numbered hy the order in which they 
proceed to the signal chain. Thus, the first has sample — X cm = 1, the last has 
sample = X cm — 1024. That is, the readout proceeds in the —X cm direction. After 
this line is completely readout, the next line is shifted down into the serial register 
and readout, and so on until all 1024 lines have been shifted into the register and 
then along to the signal chain. 

This results in the following relationship between the spacecraft and the physical 
ISS/CCD coordinate systems: (sample, line) = (+ A cm, +Y cm) = (— Z s/c, -|- 
X s/c). 

The images of celestial bodies taken by the ISS are inverted up/down and flipped 
left/right (i.e. , rotated 1 80°) by the optics in both cameras. The relationships between 
targets and inertial space, as well as the relationship between the target and the 
orientation of the Cassini spacecraft, are all maintained through this rotation. Thus, 
the image of a celestial target, as well as the image of the spacecraft coordinate 
system in the focal plane, are rotated from their physical orientations. A celestial 
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target with its North pole aligned with the spacecraft +X s/c axis would appear 
inverted and flipped on the CCD: that is, in the focal plane and display image 
plane (Figure 26), the North pole of the target and the +2f s/c axis would point 
in the direction of decreasing line (— F cm and —Y im); the target’s western limh 
(or, astronomical East) and the — Z s/c axis would point towards decreasing sample 
(— Z cm and —X im). 

The Cassini C-Kemel contains information that is used hy the Navigational 
Ancillary Information Facility (NAIF) SPICE toolkit to derive a matrix which 
transforms a vector in inertial coordinates into the spacecraft coordinate system (A 
s/c, Y s/c, Z s/c). The Cassini Frames kernel describes a transformation matrix that 
transforms a vector from the camera coordinate system (A cm, Y cm, Z cm) into the 
spacecraft frame. The proper combination of the two describes the orientation of 
the physical camera/CCD system relative to inertial space. To compute the correct 
orientation of inertial space, and the targets in it, in the image plane, which is where 
anyone handling an image will work, one must apply an additional 1 80° rotation 
about the center of the image. 

The detector system includes an unilluminated region eight samples wide - the 
‘extended pixel region’ - extending into the negative sample direction in the serial 
register. These pixels get readout first. Moreover, once an entire row of 1024 pixels 
is readup into the serial register and out to the signal chain, the readout continues for 
eight more clock cycles, or over-clocked ‘virtual’ pixels, to provide a measure of the 
offset bias, the DN value that corresponds to zero signal level. The extended pixel 
region and the over-clocked pixels in principle provide two independent measures 
of offset bias and a sample of the horizontal banding pattern (Section 3.11.1.1) that 
may be used to remove the pattern from images lacking dark sky. 

In the NAC, the extended region of the readout register, and the first 13 columns 
into the serial register - i.e., samples 1-12 of the register - are corrupted by a 
grounding problem with the epoxy that bonds the pure silicon layer to the substrate. 
This causes spurious swings in the voltage during the initial ‘clockings’ of data out 
of the CCD into the signal chain. Consequently, the first 13 columns of NAC CCD 
data are unreliable, and the NAC’s extended pixel region cannot be used to monitor 
the camera’s bias or noise state (see Figure 27). 

3.7. Camera Commanding and Telemetry 

The ISS accepts from the CDS blocks of commands which are then stored in camera 
memory to be executed at a later commanded ‘trigger’ time. Each block can be 
expanded in the ISS into commands to the camera electronics specifying camera 
modes, timings, and other data taking parameters. The internal ISS commands are 
executed within 5 ms of the start of the second following the arrival of a trigger 
command from CDS. 

The acquisition of images can be accomplished in several ways. Individual NAC 
or WAC frames may be acquired, or the NAC and WAC can be used in simultaneous 
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Figure 27. The dark band on the left of this NAC dark frame illustrates the lack of response in the 
first ~13 columns of the NAC CCD due to a grounding problem caused by improper bonding of the 
silicon epitaxial layer to the substrate of the CCD. 
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Figure 28. Diagram illustrating the breakdown of the ISS prepare and readout windows for a BOTSIM 
imaging mode into the various sub-windows and the activities that occur within each one. Note that the 
shutter close occurs at the same instance for the NAC and WAC, regardless of the exposure duration of 
each, and that the NAC is read out before the WAC. The NAC and WAC filter movement windows are 
also each segmented into sub- windows for separate movement of each of the two sets of filter wheels. 
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mode, called BOTSIM (for ‘both simultaneous’). The entire event, which is called a 
framing event and requires a total duration called a ‘framing time’, is broken down 
into two steps: the prepare cycle and the readout cycle. 

The prepare cycle is used to alter the state of the ISS, step the filter wheels, 
perform heater operations, light flooding, and other functions required to prepare 
for an exposure. It also includes the exposure time. The prepare cycle is constructed 
from a series of quantized windows of time in which specific functions are assigned 
to occur. A simplified timing diagram is given in Figure 28. 

During the prepare cycle, the shutter blades are reset from the previous exposure 
and the filter wheels are moved into position. Because simultaneous motion of each 
filter wheel requires more power than the ISS was allocated for peak operation, 
all filter wheels - NAC and WAC - are moved separately. Windows of quantized 
duration are set aside for the motion of each filter wheel. Next, the CCD is prepared 
for exposure to light. This preparation begins with a wait; the duration of the wait is 
chosen to ensure that the shutter will close exactly at the end of the quantized prepare 
window. After the wait, a light-flood fills the wells of the CCD to many (~50) times 
saturation, followed immediately by a readout. The entire light-flood/erase event 
takes 950 ms and has the effect of erasing any residual image of previous exposures 
from the CCD. Within 5 ms of the end of the light-flood/erase event, the shutter 
is opened for the commanded duration. (For dark frames, this duration is set to 
zero.) (Simultaneous imaging between NAC and WAC during a BOTSIM results 
in shutter close in each camera to within 10 ms of each other.) The image is tagged 
with the time of shutter close. 

During the following readout window, the CCD is read out in the manner de- 
scribed in Section 3.6.1, the data are encoded and/or compressed, and the results 
are packetized. 

(During a BOTSIM, the prepare cycle is lengthened to include time to prepare 
both NAC and WAC. The NAC is prepared first; then the WAC is prepared so as 
to avoid simultaneous movement of any of the four filter wheels. If the NAC and 
WAC exposure times are different, the exposures begin in a staggered fashion so 
that the NAC and WAC shutters are closed simultaneously. There are 63 discrete 
commandable exposure times which are accommodated within 13 discrete prepare 
cycle windows. This table is updatable in flight.) 

For any of the six individual CDS pickup rates, there are four discrete readout 
windows for each camera. The readout window is scaled by the CDS pickup rate 
giving 24 actual readout windows per camera and 96 actual BOTSIM readout 
windows. 

Prepare times and readout times are chosen before uplink. The prepare cycle is 
completely determinate; the readout time required to fully readout an image is not. 
The required readout time during the image event will depend on the amount of 
data being readout of the CCD, and the CDS pickup rate or on the line readout rate 
from the CCD, whichever is slowest (Section 3.9.4). If the data volume in the image 
was underestimated and the required readout time exceeds the commanded readout 
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time, the camera will cease reading out part way through an image and lines will he 
lost. For this reason, a great deal of effort has gone into estimating the amount of 
data returned for different scenes and choices of compression parameters. In-flight 
data, including data acquired during the Jupiter flyhy, has proven essential in honing 
these estimates for Saturn tour planning. 

The ISS can collect pixel (image) data, engineering data and status data, and 
packetize them with appropriate header information as either science telemetry 
packets (which include all types of data) or housekeeping packets (which only 
include engineering and status data). The latter are returned alone when ISS is 
in an ON power state hut not actively taking images. The frequency with which 
housekeeping packets are collected is one packet per second and is programmable 
in flight. The amount of housekeeping data that gets sent to the ground is determined 
hy the rate at which CDS picks up such packets and is currently one housekeeping 
packet every 64 s. 

3.8. Data Paths 

The analog-to-digital (A/D) conversion happens right as the analog signal is read- 
out from the chip, after it has passed through the on-chip amplifier. Data from the 
analog-to-digital converter (ADC) are encoded to 12-hit data numbers (DN), giving 
a dynamic range of 4096. However, they are stored as 16 bits: the upper 4 bits are 
all I’s. The ISS flight software masks the upper 4 bits when doing calculations. 
Compression and conversion functions are performed after the electrons are con- 
verted to DN. The next juncture is a choice of data conversion (from 12 to 8 bits) 
or no data conversion. Unconverted data can then proceed to a lossless compressor 
or undergo no compression at all. Converted data can undergo no compression or 
lossless or lossy compression. From there, the data are placed on the BIU, where 
they are ultimately picked up by the CDS and sent to the SSR where they are 
stored as 16-bit data. (Although each camera has its own BIU, CDS only listens 
to science packets from one address value for ISS. Thus, the ISS has the ability to 
switch the addresses between cameras so that the one being readout has the proper, 
CDS-recognizable value.) 

3.9. Data Compression 

Serious constraints are imposed on imaging of the Saturn system by the limited 
data storage volume on the spacecraft’s SSR, and by the limited communication 
bandwidth back to Earth. In order to make the most effective use of these resources, 
the Cassini imaging system includes the capability to convert the data from 12 to 
8 bits (called data conversion), and also to perform either “lossless” or “lossy” 
image compression. Data conversion, and both lossless and lossy compression, are 
implemented in hardware. 
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Figure 29. Diagram illustrating the function used to convert 12-bit data numbers into 8-bit values 
when the look-up table (LUT) conversion is used. The function is close to that of a square root 
function, and is often called the ‘square root encoder’. 



3.9.1. Data Conversion to 8 Bits 

Two sub-options are available for 8-bit conversion. One is a variant on conven- 
tional “square root” encoding. In sucb encoding, a look-up table (LUT) is used to 
convert the original data values to 8-bit values. The output 8-bit values are related 
to the input values in a nonlinear fashion, typically scaling with the square root 
of the 12-bit value. This nonlinear scaling more closely matches the quantization 
level to the photon shot noise so that the information content is spread more evenly 
among the 256 levels. The Cassini 12-to-8-bit conversion table is shown graphi- 
cally in Figure 29. It differs somewhat from pure square root encoding, having 
been designed for the known noise properties of the Cassini cameras to distribute 
quantization-induced errors uniformly across the dynamic range of the system. The 
LUT is stored in ROM within the cameras’ memory and cannot be altered in flight; 
choice of ON or OFF is commandable in flight. 

The other sub-option is conversion from 12 bits to the least-significant 8 bits 
(LS8B). This type of conversion is useful for reducing the data volume of images 
taken of very faint targets, such as diffuse rings or the dark side of lapetus, which 
generally do not yield large signal levels and can be encoded to the lowest 8 bits. 
(This strategy is applicable only if there is no significant background or scattered 
light in the image.) 

3.9.2. Lossless Compression 

Both converted (8-bit) and unconverted (12-bit) data can be losslessly compressed. 
The ISS lossless hardware compressor is based on Huffman encoding, a high- 
efficiency, numerical encoding scheme in which the length of the bit sequence used 
to encode a given number is chosen based on the frequency of occurrence of that 
number. In ISS lossless compression, each compressed image can be reconstructed 
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on the ground with no loss to the information content of the image, provided the 
image entropy does not exceed the threshold where 2:1 compression is achieved. 
Scenes with low entropy will have compression ratios higher than 2:1; scenes with 
high entropy will never compress greater than 2:1, hut the ends of lines will he 
truncated so that the total amount of data returned in a pair of lines of the image 
never exceeds the total number of hits for a single uncompressed line. The trunca- 
tion scheme has been designed so that the truncation alternates - i.e., every other 
line - from one line to the next, on the right (large sample number) side of the 
image. If the data loss is great, it can in principle result in the complete loss of 
every other line. In either case, with this scheme information (though reduced in 
spatial resolution) can be retained across the image, even at the edges. 

3.9.3. Lossy Compression 

Imaging sequences requiring larger compression ratios than can be achieved with 
the lossless compressor may instead be more strongly compressed using the cam- 
era’s lossy compression circuitry. This capability requires that the data have been 
converted to the 8-bit form. Consequently, data conversion must be employed first 
before the data are sent to the lossy compressor. Compression is implemented by a 
pair of specialized signal-processing chips manufactured by Matra Marconi Space 
and provided to Cassini by the French Centre Nationale D’Etude Spatiale (CNES). 
These chips perform a variation on the familiar Joint Photographic Experts Group 
(JPEG) compression algorithm used in many image transfer and storage applica- 
tions. 

The JPEG algorithm operates by selectively removing information from an 
image, particularly at high spatial frequencies, thus decreasing the amount of infor- 
mation that must be encoded, while retaining the most visually important details. 
The basic JPEG algorithm has four steps. 



1. The image is subdivided into 8x8 pixel blocks. Each pixel is “level shifted” 
by subtracting 128 from it. 

2. The blocks are each subjected to a discrete cosine transform (DCT). This is 
analogous to the more familiar Eourier transform, in that it breaks the 8x8 
pixel block into spatial frequency components. The result is an 8 x 8 array of 
cosine transform coefficients. 

3. Information is selectively removed by dividing each array of transform coeffi- 
cients by the values in a “quantization matrix”. This is an integer divide operation, 
so the coefficients with the lowest values (usually at the highest spatial frequen- 
cies) tend to suffer the greatest information loss. The values in the matrix may 
be uniform, or may be weighted so as to preferentially eliminate information at 
chosen frequencies. An adjustable “scale factor” is used as a multiplier to the 
matrix. The scale factor determines the overall degree to which spatial frequency 
components are attenuated, and hence the compression ratio. 
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TABLE XI 

The contents of the four Cassini compression parameter memory 
(PMEM) pages. 



MALGO 


TB 


Page 


Quantization Matrix 


Huffman Table 


0 


0 


0 


Elat 


Busy 


1 


0 


1 


Scaled 


Busy 


0 


1 


2 


Elat 


Sky 


1 


1 


3 


Elat 


Atmospheric 



The two parameters called MALGO and TB are single bits that are used 
in a camera command to specify the desired page. 



4. The information remaining in the blocks is Huffman encoded and formatted for 
transmission. The overall reduction in data volume results from the very efficient 
Huffman coding that is possible for the requantized transform coefficients. 

The Matra implementation of the JPEG algorithm makes use of four-parameter 
memory, or PMEM “pages”, numbered 0-3. Each PMEM page contains a quanti- 
zation matrix, a table of scale factors, and a Huffman coding table. Eor any given 
image, a single page can be selected for image compression. 

The four PMEM pages in the Cassini imaging system have been designed in 
the following fashion. In pages 0, 2, and 3, the quantization matrix is “flat”; i.e., 
each element has the same value. Eor page 1 , the matrix is scaled to discard more 
high-frequency information. The table of scale factors is identical for pages 0, 1, 
and 3 but is different for page 2 (the ‘dark sky’ page). The Huffman tables for 
pages 0 and 1 are identical, and have been optimized for compression of “busy” 
images. This optimization was performed using a collection of real and synthetic 
CCD images of cratered surfaces and Saturn’s rings. The Huffman table for page 2 
was optimized for images that are mostly black sky, and the Huffman table for page 
3 was optimized for images of planetary atmospheres. Again, this optimization was 
performed using actual CCD images of black sky and atmospheric targets. Table XI 
summarizes the contents of the four Cassini PMEM pages. 

In order to specify compression for a Cassini image, three choices must be 
made. The first is selection of the PMEM page, done by specifying two bits named 
MALGO and TB. The second is selection of the value of a parameter called B. The 
B values may range from 0 to 15, and are used to select the value from the scale 
factor table on the specihed PMEM page. High B values yield higher compression 
ratios. A given B value generally selects a different scale factor when used with 
page 2 than it does with the other pages. 

The final paramefer that must be specified for compression is the “group of 
blocks”, or GOB, length. GOB length is a parameter that can range from 0 to 255, 
and that determines how frequently error correction headers are placed in the data 
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Stream. If GOB length is 0, no headers are inserted. For other values, a GOB length 
L will cause error correction headers to he placed after each group of L image 
blocks. These headers allow an image to he largely recovered if there are noisy data 
hut introduce some overhead in the hit stream, reducing the compression ratio with 
no improvement in image quality if no hit errors are present. Choice of GOB length 
must balance the desire for a high compression ratio against a desire for protection 
against bit errors. (In the event of transmission errors, all packets downstream of 
a lost packet are not recoverable in lossy compressed data.) GOB length is almost 
always chosen to be 41 for lossy-compressed Cassini images. Figure 30 illustrates 
the effect that lossy compression has on Cassini images. 

3.9.4. Readout Times 

In the analysis of images, the time it takes the image data to be readout of the CCD 
is of interest because it relates to the buildup of dark current in the image. It is 
also of interest in the sequencing of images because, along with the duration of the 
prepare cycle, it determines the framing time, the time it takes to acquire an image 
and be ready for the next one. 

The process of readout includes: (i) moving CCD lines into a 344,064 (16- 
bit) pixel image memory or buffer; (ii) moving CCD lines from image memory, 
converting them into science packets; (iii) moving science packets to the BIU 
memory; and (iv) CDS picks up packets at the BIU at the CDS pickup rate. 

Imaging packets consist of 476 1 6-bit words or 76 1 6 bits each, including headers. 
Twelve-bit (12-bit) pixels are placed in the least-significant end of a 16-bit word, 
so that each word represents a single pixel and a full-size (1 x 1), ‘12-bit’ image 
consists of 1024 x 1024 words — 2277 packets. 

The CDS has various Science and Engineering Readout (S&ER) modes, each 
having a different rate of packet pickup by CDS. The cameras’ rate of transmission 
of data to the CDS is synchronized to these rates. They can vary from 8 (S&ER2), 16 
(S&ERl), 24 (S&ER3), 32 (S&ER6), 40 (S&ER5a) and 48 (S&ER5) data packets/s, 
defined by fhe CDS requiremenf for an infeger number of packefs during fhe unif 
of time, 1/8 s, employed by fhe CDS. 

This franslafes info fhe following fable of readouf times, for non-compressed 
images, for fhe various summafion and conversion modes in fhe cameras. 

If CDS pickup rale were fhe sole factor in fhe CCD readouf. Table XII would 
give accurale values of fhe readouf limes for uncompressed images; for compressed 
images, one could merely calculale fhe number of packefs in fhe compressed image 
and divide by fhe CDS pickup rale lo determine fhe readouf time. However, Ihere 
are olher faclors lhal come into play, making Table XII only partially correcl. 

In mosl cases - for example, a 1 x 1 unconverted ‘12-bil’ image - fhe CDS 
pickup rate is fhe rale-limiling factor in fhe dala Iransfer to fhe spacecrafl’s SSR and 
fhe dala musl be buffered (or even wail on fhe chip before if is readouf if fhe buffer 
is full) before fhe image is entirely picked up by fhe CDS. In such cases, fhe readouf 
lime from fhe buffer is merely fhe dala volume divided by fhe CDS pickup rale. 
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Figure 30. A set of two Saturn NAC images in the GRN filter showing both the planet and rings: 
(a) image acquired using lossless compression; (h) one taken with lossy compression. The lossy 
parameters chosen were B — 0, PMEM = 0, and GOB = 41. The B — 0 setting produces the least 
amount of compression. The full-disk images are linearly stretched between 40 and 180 DN. There is 
little obvious difference in the full-disk images. The next two images are a close up of a region south 
of the equator, stretched between 100 and 160 DN, in (c) the lossless compressed image (a), and (d) 
the lossy image (b). Note the presence of a dark atmospheric spot or storm near the left edge and 
its degradation under compression. Compression significantly reduces the quality of the image when 
viewed at this scale, and most scientific objectives (photometry, cloud tracking) would be hampered 
by use of lossy compression. The final two images are a zoomed view of the right ring ansa, stretched 
between 20 and 110 DN: (e) the lossless version (a), and (f) the lossy version (b). Here the 8x8 
pixel boxes (artifacts) are obvious especially in the bland areas. The other filters show very similar 
artifacts. 



(Continued on next page) 
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Figure 30. {Continued). 



However, under certain circumstances, such as large compression factors (i.e., low 
data volume images) and fast pickup rate (48 packets/s), the CCD line readout rate 
into the camera buffer, which varies with summation, conversion, and compression 
modes, is the limiting factor in the data transfer and it is possible for the CDS data 
pickup to outrun the data stream from chip to buffer. For example, a 1 x 1 losslessly 
compressed image cannot readout faster than approximately 12 s; a 2 x 2 losslessly 
compressed image cannot readout faster than 6 s. In other words, the factor of 4 
decrease in data volume in the latter case is not translated into a four times smaller 
readout time because of the limiting CCD line readout rate. 

Finally, in the sequencing of images, a cardinal factor is the framing time: i.e., 
the sum of the prepare window duration plus the readout window duration. In the 
operation of the camera, both of these intervals come in quantized values. No matter 
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how fast the readout of the CCD, the shortest readout window available is 6.525 s. 
The shortest prepare cycle is 4.475 s. Thus, the shortest possible framing time in 
the Cassini ISS is 11 s (see Section 3.7). 

3.9.5. Image Reconstitution 

Once an image is telemetered back to the DSN and then sent on to JPL, it is 
reformatted from a series of data packets back into a two-dimensional image. In 
the reformatting process, the upper I’s in 16-bit unconverted, uncompressed data 
are converted to O’s. Images that had been compressed, either losslessly or lossily, 
are automatically decompressed in the reconstitution process before being sent to 
the Cassini Imaging Central Laboratory for Operations (CICLOPS) where they are 
ingested into the Archive Database (from which the Imaging Archive will be built). 
If they had been converted down to 8 bits by the LUT, a reverse LUT can be applied 
to them to restore them to their approximate full 12-bit values. (This will be an 
option in the Cassini ISS Calibration (CISSCAL) software that will be supplied 
to the PDS along with the Imaging Archive.) There is no way to restore an image 
previously converted to the eight lowest bits back to 12 bits unless one is confident 
of smooth gradients throughout the image. Further modifications can take place 
to clean them and convert them to physical units in the process of calibration (see 
Section 3.13). 

3.10. Random N oise 

There are several sources of noise in the ISS. Read noise is the electronic noise 
added to the signal as it is readout of the CCD and passes through the on-chip 
amplifier before it is converted to DN. In the Cassini ISS, great care was taken to 



TABLE XII 

The image readout times (in seconds) for uncompressed images and various choices of summation 
mode (I X 1, 2 x 2, or 4 x 4) and data conversion: i.e., no conversion or 12:8 conversion (either 
LUT or LS8B), under the assumption that the rate-limiting factor is the CDS pickup rate. 



Total no. 

Summation Conversion of packets 




Data pickup rate (kbits/s (packets/s)) 


365.6 

(48) 


304.6 

(40) 


203.1 

(32) 


182.8 

(24) 


121.9 

(16) 


60.9 

(8) 


1 X 1 


None 


2277 


47.44 


56.93 


71.16 


94.88 


142.31 


284.63 


1 X 1 


12:8 


1143 


23.81 


28.58 


35.72 


47.63 


71.44 


142.88 


2x2 


None 


572 


11.92 


14.30 


17.88 


23.83 


35.75 


71.50 


2x2 


12:8 


288 


6.00 


7.20 


9.00 


12.00 


18.00 


36.00 


4x4 


None 


144 


3.00 


3.60 


4.50 


6.00 


9.00 


18.00 


4x4 


12:8 


74 


1.54 


1.85 


2.31 


3.08 


4.63 


9.25 
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minimize this noise. Its value is equal to ~ 12 e“/pixel, and in the highest gain state 
with 13 e“/DN, is equal to 1 DN hy design. 

Shot noise, or Poisson or photon noise, is the noise in the photon stream hitting 
the detector and has the usual characteristics: the noise is equal to the square root 
of the signal. It is reduced to '^1 DN in data converted with the LUT converter 
(Section 3.9.1), regardless of signal strength, because of the design of the LUT. 
The final outcome is that the hits that are lost in the conversion are the hits devoted 
to encoding the noise; the process is a lossless one. 



3.11. Dark Current 

Dark current accumulates on the CCD in a manner that is dependent on many 
factors: readout rate, camera mode (BOTSIM versus single camera), summation 
mode, etc. Traditionally, dark current is thought to he the result of a defect in the 
sensor that produces a quasi-constant current which is sensitive to temperature hut 
not to illumination. At the detector operating temperature of —90° C, most pixels 
have very low dark currents and so another source of electrons, called Residual Bulk 
Image (RBI), dominates the signal for dark (shutter-inhihited) frames. For practical 
reasons, we lump the electrons produced hy both processes into a conceptual ‘dark 
current’ signal which must be subtracted before other calibration procedures can 
be applied. 

RBI results from the leakage of trapped electrons. At the CCD operating temper- 
ature of —90° C, the time scale for the liberation of RBI electrons into the potential 
wells ranges from several seconds to several hundred seconds. This produces a 
latency effect. The chip has a memory of past illumination. To reduce the sensitiv- 
ity to a negligible level of RBI to prior exposures, a procedure of light flood and 
erase is used whereby infrared LEDs ringing the CCD in each camera, centered 
in wavelength on 900 nm, saturate the CCD by approximately 50 times prior to 
every image to fill the traps. An erase cycle follows the light flood to remove any 
untrapped charge prior to the start of the next exposure. The light flood/erase cycle 
is the same for every exposure. By filling all traps, this procedure reduces sensi- 
tivity to prior exposures, but the RBI from the light flood itself must be removed. 
The resulting distribution of light-flood RBI electrons depends on many factors 
(including readout time) and this complicates the process of dark current removal. 

The dark current (now defined to be the combination of the conventional dark 
current and RBI from light flood) will increase with the length of time that charge 
remains on the CCD. Because potential wells pickup charge as they are clocked 
down the chip, the dark current buildup is greater at large line (i.e., y) values than at 
smaller line values, resulting in a gradient across the chip. This is most important 
for pixels upstream of hot pixels or for short exposures when the charge leaking 
from RBI is greatest. If the data must be buffered (as in the 1x1 mode), clocking 
is temporarily suspended, leaving the later lines of pixels on the chip. The result 
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is a discrete jump in dark current level at a particular line location, depending on 
the compressibility of the image (if compression was chosen). A much larger effect 
is the higher level of dark current in the potential wells that are halted at the two 
edges of the chip because of the large number of defects produced at those edges 
by the manufacturing process. Also, the number of hot pixels increases with time 
as cosmic ray damage increases so calibration dark frames need to be obtained and 
updated periodically. 

This is sufficiently complex, and the various possibilities for dark current buildup 
and the number of different camera modes that determine dark current signal lev- 
els are sufficiently large, that it is impractical to do what many other imaging 
investigators have done and attempt to acquire dark current frames for every dif- 
ferent scenario. Instead, an algorithm has been designed to estimate dark current 
buildup for every pixel on the CCD, using actual ground calibration and in-flight 
dark frames to determine, via standard least squares fitting, the parameters of the 
algorithm. 

DN(t) = C + at + Y^ ^/(l - / = 1, 2, 3 

where C is a constant which is negative for a few pixels at the left edge of the CCD, 
a accounts for the true dark current, and the other six terms - /!/ and T/, with / = 
1 , 2 and 3-account for electrons produced by the light-flood which leak from traps 
during the readout. For the light-flood-trapped charge, three terms with different 
amplitudes and decay times are needed to simulate a distribution of trap sizes and 
decay rates. These eight terms must be determined separately for each pixel by a 
least-squares fit to dark images at a variety of exposure times. 

This algorithm will be used to create a matrix of simulated dark frames that will 
be used to remove dark current buildup from real data. 

3.11.1. Coherent Noise 

3.11.1.1. Horizontal Banding. Both NAC and WAC images exhibit a low- 
amplitude, coherent noise characterized by horizontal banding with significant 
power concentrated in a few spatial frequencies (Figure 31). The spatial frequencies 
present in the images depend on the readout rate from the CCD. The cameras did 
not show this problem until they were connected to the spacecraft in the Spacecraft 
Assembly Facility. The pattern is not fixed on fhe chip and is highly correlated wifh 
fhe over-clocked pixel value, indicating a flucfuafion in fhe video bias level of fhe 
CCD. The changing amplifude of fhe banding (measured in DN) in various gain 
sfafes is consisfenf wifh a consfanf amplifude in elections; the dependence of the 
frequency content on readout rate is consistent with a constant temporal frequency. 
The source is unknown but is likely a ground-loop somewhere on the spacecraft. 

Measurements indicate that the banding in the NAC has an amplitude of ~2.5 DN 
in the 13 e“/DN gain state (Gain 3); Fourier analysis shows mainly two frequency 
components, with the secondary peak having 1/3 the power of the main peak. After 
correction for the CCD readout rate, the main peak occurs at 2. 1 Hz; the secondary 
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peak at 2.5 Hz. This produces a beating pattern with a combined frequency of 0.4 
Hz. In the WAC, the amplitude is much smaller (~0.5 DN for the 12 e“/DN (Gain 
3) state), with a dominant readout-corrected frequency of 4.0 Hz; two smaller peaks 
of 1/lOth the power occur at 1.9 and 5.9 Hz. 

Calibration software being developed by the Imaging Team and within the 
Cassini Imaging Central Laboratory for Operations will contain algorithms de- 
signed to reduce this coherent noise in Cassini images without unacceptable damage 
to the image data themselves. 




Figure 31. (A) Horizontal banding in the NAC is obvious at very low signal levels. The change in 
spatial frequency in this image is due to a change in readout rate from the CCD once the camera buffer 
is hlled. Cosmic rays are evident. (B) The horizontal handing in the WAC. 

{Continued on next page) 
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(B) 

Figure 31. {Continued). 



3.11.1.2. Vertical Banding. The ISS also exhibits other kinds of coherent noise 
and Figure 32 is an example of this. Irregular vertical banding of this type has been 
seen in many images; it seems to be absent in images that are readout in telemetry 
mode S&ER5. The source of the banding is presently unknown. 

3.12. Performance on Difficult Targets 

3. 12. 1. Spacecraft Pointing Accuracy and Stability 

As the highest resolution imager on the Cassini Orbiter, the ISS is especially vul- 
nerable to spacecraft jitter and pointing inaccuracies. The number of images needed 
to construct a gore-less mosaic depends on the accuracy of the absolute and rela- 
tive spacecraft pointing. The quality of images and the detectability, especially of 



472 



C. C. PORCO ET AL. 



difficult targets like unresolved satellites and very dark terrains on icy satellites, 
depend sensitively on how stable the spacecraft is during an exposure. 

The absolute inertial attitude of the spacecraft is determined in flight by on- 
board algorithms which detect and measure the positions of stars observed in the 
Stellar Reference Units (SRU) or ‘star trackers’ on the RSP (Figure 14), and then 
calculate from star maps the orientation of the spacecraft. The SRU is deliberately 
out of focus so that the centroids of the stellar point response functions, which 
can be more precisely measured when de-focussed, can be determined to an ac- 




Figure 32. Two examples of low-signal vertical banding. (A) A 38-s, gain state 2 (30 e-/DN), 1 x 
1, unconverted, losslessly compressed narrow-angle camera image of Titan taken in April, 2004 and 
readout in S&ER3 pickup mode. (B) A 1-s, low gain state, 2x2 summed, unconverted, uncompressed 
NAC image taken as part of a BOTSIM and readout in S&ERl pickup mode. 

{Continued on next page) 
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(B) 

Figure 32. {Continued). 



curacy of 60 /xrad, which in the SRU is 0.08 pixels. The FOV is 15°; up to five 
stars are used in the navigation calculation. The horesight of the SRU is orthogonal 
to that of the ISS and pointed in the +X s/c direction. Rotation about the space- 
craft Z s/c axis results in motion of objects in the line direction in the SRU and 
also in the line direction in the ISS. Thus, in the ISS line direction, inertial point- 
ing can be controlled and determined to the SRU navigation quantization noise 
of </~60 /xrad. 

However, motion of objects along the sample direction in the ISS is brought 
about by spacecraft rotation around the SRU horesight, +X s/c. Thus, to determine 
the horesight of the ISS in inertial space in the sample direction requires a mea- 
sure of the twist of the SRU around its horesight. The accuracy and precision to 
which the latter can be determined depends sensitively on the distribution of the 
five stars used in the navigation calculation. If the five stars are clustered close to 
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the boresight and therefore provide a poor lever arm in the twist determination, the 
resulting angle will suffer greater uncertainty; the fact that the SRU exhibits barrel 
distortion, which when corrected can be as large as a pixel for stars near the edge 
of the field, means that even well-distributed stars can yield a relatively inaccurate 
value for the twist angle, and therefore for the sample location of the ISS bore- 
sight in inertial space. This systematic error will vary with the changing boresight 
position across the sky and with the orientation of the secondary axis around the 
boresight, since they determine the distribution of stars imaged by the square FOV of 
the SRU. 

A further complication is that during long and continuous observing periods, 
when the spacecraft remains pointed at a single planetary target whose celestial 
coordinates as seen by the spacecraft are slowly changing, the star field imaged by 
the SRU will also change slowly. However, the discrete slippage of one star out of the 
SRU FOV and/or the entry of another can suddenly alter the calculated orientation 
of the spacecraft because of the effect mentioned earlier. This circumstance can 
masquerade as a delta function change in the inertial position of the ISS boresight. 
This was observed during Jupiter flyby. 

The net result is that in absolute pointing, the differences between commanded 
and actual pointing of the Cassini orbiter can range up to 150 NAC pixels (or 900 
/xrad) in the sample direction - still an improvement over the 2 mrad pointing 
uncertainty for Voyager and for Cassini on thrusters - but is <60 /xrad in the line 
direction, equal to the quantization noise in the SRU calculation of orientation of 
the spacecraft. The relative pointing of the spacecraft is good in both directions: ~ 
<50 /xrad. 

Once pointed, the orientation and direction of the spacecraft is remarkably 
steady when on reaction wheels. Exposures as long as 32 s on stars resulted in 
less than 6 /xrad (i.e., 1 NAC pixel) of smear. In images taken of the star Fomal- 
haut in September 2000, the pointing of the NAC over 50 min varied by only 18 
/xrad, or three NAC pixels. Images of Saturn in the UV, taken on approach to or- 
bit insertion, were acquired with 320-s exposure times and showed no noticeable 
smear. 

Ironically, these values far exceed the initial advertised capability of the High- 
Precision Scan Platform on the original Mariner Mark II spacecraft, and are due to 
the large inertia of the Cassini spacecraft and the reaction wheels which maintain 
its orientation. 

3.12.2. Point Spread Function 

3.12.2.1. In-Flight Calibrations. The camera optics and filters cause some 
spreading of the images of point sources. The PSFs for both NAC and WAC 
were measured prior to flight; they were also measured in flight using the stars 
in the cluster M35 in the constellation Gemini. In 1-s images taken through the 
clear filters in both cameras, using unconverted (12-bit), unsummed data modes 
and a gain state of 29 e“/DN, images of stars were fitted by a two-dimensional 
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Gaussian function, with the height and width as adjustable parameters. (A Gaus- 
sian function is not an exact match to the shape of the PSF, hut a least-squares 
fitting using one does an adequate joh of measuring dimensions.) The FWHM 
of the fitted functions were 1.3 pixels through the NAG clear filter and 1.8 pix- 
els through the WAG clear filter; the RMS residuals in the fits are helow 0.06 
pixels, with no sign of obvious trends in the results with changing position on 
the CCDs. 

3.12.2.2. NAC Haze Anomaly of 2001. In May 2001 (Day 150), in NAG images 
taken of the Pleiades, a diffuse circular halo appeared around the central peak of 
the image of Maia; WAG images were not likewise degraded. The apparent cause 
of this anomaly was the resumption of normally scheduled decontamination cycles 
after a 13-month hiatus. Decontamination is a process by which the two heaters, 
attached to each of the radiators of the NAC and WAG cameras and specially placed 
for such activity, are turned On and heat the CCD. The purpose is to “bake off’ any 
contamination that may have condensed on the cold parts of the instrument. The 
May cycle was the first in flight to cover a particularly large range in temperature 
- from the —90° C operating temperature up to —30° C for 16 h - and was the first 
after the Jupiter encounter. The halo size and intensity were wavelength dependent: 
the intensity of the brightest part of the halo was only 1-2% of the central peak, 
but because of its spatial extent, contained 30-70% of the light of the star. The 
properties of the PSF were consistent with contamination by very small particles 
on a transmissive surface causing a diffraction pattern in images of point source 
objects. The source of this contamination has not been identified buf may have 
been somefhing in fhe camera’s environmenf fhaf oufgassed during fhe May 2001 
deconfaminafion cycle and subsequenfly condensed on fhe CCD, eifher fhe window 
or fhe CCD ilself. 

The Insfrumenf Operafions learn al JPL responsible for fhe heallh and safely 
of fhe ISS conducled addilional conservalive deconfaminafion cycles, carefully 
designed lo lake small incremenls in lemperalure belween lesl imaging. These 
occurred in Oclober 2001 and January 2002, each for a week. A Ihird began on 
March 5, 2002 and lasled 57 days, and a fourlh began on May 9 and lasled for 
60 days. Afler fhe Ihird cycle, fhe haze disappeared leaving fhe poinl response 
funclion of fhe NAC wilhin pre- anomaly limils; no significanl improvemenl has 
been seen since Ihen. The quoted values for fhe NAC poinl response funclion 
are Ihose determined in flighl afler haze evaporalion. Figure 33 shows images 
of slars laken before fhe anomaly appeared, during ils presence, and Ihen afler if 
disappeared. 

3.12.3. Detectivity of Point Sources 

The detecfivily of poinl sources wifh a space-based imaging syslem depends criti- 
cally on the photometric sensitivity of the detector, the throughput of the imaging 
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device, and the stability of the spacecraft. The noted stability of the Cassini space- 
craft when stabilized on reaction wheels has translated into a surprisingly good 
capability to detect faint point sources. This is an important characteristic when the 
goal is to search for previously undetected satellites. 

In NAC images of the open cluster M35 in Gemini, taken for purposes of calibrat- 
ing the geometric fidelity and point response of the cameras, the limiting magnitude 
for losslessly compressed 12-bit images in gain state 2 was My ~ 14 in 1 s through 
the clear filter. When the images were converted first to 8 bits and then sent through 
the lossless compressor, the limiting magnitude became My ~ 13 in the NAC clear 
filter for a 1 s exposure. The brightest stars in these images were My = 6.3 and were 
not saturated. In the WAC, the limiting magnitudes in 1 s in losslessly compressed 
12- and 8-bit images were ~11.6 and 10.6, respectively; the brightest unsaturated 
star was My — 3.4. 

At Saturn, these numbers imply a detection limit for new unresolved satellites 
in unconverted images (12-bit) in the absence of a severe scattered light back- 
ground given by HF ~ 4.3 x 10“'^/t (s) in the NAC, and ~ 3.9 x lO^'^/t 

(s) in the WAC, where HF is the phase-corrected reflectivity of the object, D the 
distance of Cassini from the object, r the object’s radius, and t (in seconds) is the 
residence time of the object in a pixel or the exposure time, whichever is shorter. 
Given the remarkable stability of the spacecraft on reaction wheels - i.e., a varia- 
tion of only three NAC pixels over 50 min - the detection limit for small unseen 
bodies would appear to be affected by the amount of time one has to observe, 
the relative motion of spacecraft and object, including its orbital motion, which 
will ultimately determine the residence time in a pixel, and the desire to keep the 
confusion of cosmic ray hits to a minimum (see Figure 34.) However, scattered 
light can be a serious limiting factor when observations are made close to Sat- 
urn (Figure 35). Detection limits for small satellites between the orbits of Rhea 
and Hyperion, a region being searched on approach to Saturn when the phase 




Figure 33. The figure above show stellar images taken before the anomaly, one image taken after 
the anomaly surfaced, and three taken after the decontamination sequences, all in the same BL1/CL2 
filters and adjusted for total stellar brightness. The images are all contrast enhanced in the same 
manner to show the faint extended light. All images were taken at a CCD temperature of —90° C. 
Calculations indicate that for this filter combination, approximately 68% of the light fell outside a 
radius of five pixels when the anomaly was at its maximum. After the first sequence (third image 
above), that fraction was reduced to 44%; after the second (fourth image above), 18%. It is now 5% 
(fifth image above). . .back to pre-anomaly values. 
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angle is ~70°, are expected to be r ~ 3 km in 82-s NAC exposures for objects 
with a geometric albedo equal to that of Hyperion (0.3). During observations de- 
signed to search for ring-embedded moonlets when the pixel residence time is 
limited by the rapid orbital motion, moons observed at low phase with r ~ 1 km 
and a geometric albedo equal to that of typical ring particles should be easily 
detected. 




(A) 



Figure 34. (A) A 560-s dark exposure in the WAC. (B) A 1200-s dark exposure in the WAC. In both, 
the 100-DN background and cosmic rays are evident. 



(Continued on next page) 
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(B) 

Figure 34. {Continued). 



3.12.4. Expected Performance on Diffuse Sources 

The detectivity of diffuse sources, such as tenuous rings like the E and G rings of 
Saturn, depends less on spacecraft stability than on the CCD dynamic range, noise 
sources, photometric sensitivity, the light scattered from nearhy bright sources (like 
Saturn’s main rings) into the camera, and the desire to keep the number of cosmic 
rays in the image to a minimum. The latter can be a big problem for very long 
exposures (Figure 34), and the scattered light can be a big problem when the angular 
distance to a bright source is small (Figure 35). Because of these effects, typical 
exposures to search for new diffuse rings, and to characterize the ones already 
known to be there, will be a hundred seconds or less, and will generally utilize 
the summation mode for increasing signal to noise when the resolving capability 
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can tolerate it. Polarizers for potentially separating out generally polarized light 
reflected from natural ring particles from unpolarized light scattered in the optics 
will also be employed. Such exposure times may give a detection limit of better 
than 1!F ~ 10^*^ with a S/N ~ 10-30 for those circumstances where scattered light 
is not a factor; i.e., when Cassini is in at close range and the angular distance to 




(A) 



Figure 35. (A) An 18-s narrow-angle camera image, one in a series of satellite search images taken 
close to the planet’s rings (off the bottom of the frame) in the CLR filter, using lossless compression, 
1x1 mode, gain state 3 (i.e., high gain state). The 2-Hz pattern is apparent. The pattern at the bottom 
of the frame is light scattered off the NAC’s secondary mirror and its supports. (B) A 320-msec WAC 
image taken through the BLl filter, about 20° away from the Sun, illustrating the structure present in 
the image of the light scattered in the WAC optics. 



{Continued on next page) 
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(B) 

Figure 35. {Continued). 



Saturn is large. We thus expect the Cassini ISS to have the ability to detect diffuse 
rings several hundred times fainter than G ring. 

3.13. Calibration 

This section descrihes the relationship between measured signal, S (e“/pixel), the 
corresponding image values or data numbers (DN), and incident intensity I, and 
outlines the steps required to derive I from the DN values. (Most filters are not 
sensitive to the polarization state of the target, and so the methodology outlined 
later neglects polarization. Polarization must be taken into account when polarizing 
filters are used.) Definitions used in this section are given in Table XIII. 




CASSINI IMAGING SCIENCE SYSTEM 



481 



TABLE XIII 

Calibration definitions and units. 



Quantity 


Units 


Definition 




Steradian 


Solid angle sampled by one pixel 


A 


2 

cm^ 


Collecting area of camera optics 0.25 ncP, d is the 
primary mirror or lens diameter 


Cifufi) 




Absolute sensitivity correction factor determined from 
in-flight calibration 


ep (ij) 


Electrons 


Electrons produced by photons striking the CCD 


flj2 




Eilter 1 in wheel 1, filter 2 in wheel 2 


FF(t,T/i,/2) 




Elat field relative sensitivity 


S 


Electrons/DN 


Gain constant (Table X) 


X) 


Photons/(cm^ s 
nm steradian) 


Intensity at pixel (i, j) and X 


Line 




The vertical coordinate (1:1024) of the image. Index j 
indicates line number 


QE(iJ, >-) 


Electrons/photon 


CCD quantum efficiency 


RBI (i,j, mode) 


DN 


Residual bulk image 


Sample 




The horizontal coordinate ( 1 : 1024) of the image. Index i 
is used in this document for sample number 


t(i) 


Seconds 


Shutter open time, depends on sample number 


To (iJ, X) 




Optics transmission. Accounts for beam obscuration as 
well as losses at lens and mirror surfaces 


Ti (iJ, X) 




Eilter 1 transmission 


Ti (i,j, X) 




Eilter 2 transmission 



3.13.1. Methodology 

To understand the processes involved in calibration, it is useful to follow the light 
as it travels through the optical system, is converted to an electric signal and a data 
number and then is processed by the digital electronics. 

The light that hits the CCD first passes through the camera optics and two filters, 
and the shutter. As a result of this process, the number of photons incident on one 
pixel at location (/, j) is t (/) 1 (/, j,) Tq (/, j. A.) T\ (/, j. A) Tj (/, j. A). Note 
that the exposure time depends on sample number (i) because the shutter velocity 
across the CCD is not uniform. Note also that the actual shutter open time differs 
significantly from the commanded time for one of the exposures on each camera 
(20 ms for the WAC and 25 ms for the NAC). 

Some of the photons (a fraction QE (i,j, A)) that strike a pixel will be converted 
to electrons. The number of electrons generated by photons is given by 

ep{i, j) = AQ.t{i) j I{i, j, X)To{i, j, X)Ti{i, j, X)T2{i, j, A)QE(f, j, X)dX (1) 
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The optics and filter transmissions have spatial dependence because of low spatial 
frequency components (e.g. vignetting) and high spatial frequency components 
(dust particles). Calihration measurements are not able to determine the source 
of the spatial variations and so all spatial variations are combined and taken out 
of the wavelength integral. Henceforth, we will call this combined relative spatial 
dependency FF It is obtained with flat-field calibration measurements. It 

is a relative dependency because it is normalized to unity, i.e. {HN^) FF 

{i,j,f\J' 2 ) — 1-0. The dependence on/i and/2 reflects the fact that the FF depends 
on the filters 1 and 2. Then Equation (1) becomes 

ep{i, i) = C(/i, h)AQt{i)¥¥{i, j, h) j l{i, j, k)To(km(k)T2{X) 

X QE{k)dk (2) 

In Equation (2), Tq (k), Ti (A), and T 2 (A) refer to transmissions averaged over 
the focal plane. These were measured as part of the calibration procedure. A new 
term C (f\,f 2 ) was introduced into Equation (2). It is a correction factor to ac- 
count for the fact that there are errors in the calibration measurements of absolute 
sensitivity. This factor will be determined from in-flight absolute calibration of stan- 
dard stars and other objects whose radiometric flux or intensity is independently 
calibrated. If the ground calibration measurements are accurate it should be close to 
unity. 

Other processes add to or reduce the number of electrons in a pixel. Residual 
bulk image (RBI) from light flood/erase cycle, and (at a very low level) previous 
exposures, and dark current add electrons. If anti-blooming is on electrons can be 
shifted from one pixel to an adjacent pixel containing traps. The pixel with the traps 
will accumulate electrons at the expense of its neighbor. The neighbor is always 
the adjacent pixel in the line direction. 

Dark current is usually negligible except at the edge of the image. However, an 
uncompressed unsummed (1x1) image will readout partially into memory and 
then wait since the camera memory cannot store an entire image. If the bus rate is 
low, the remaining image may sit on the CCD for many seconds. During this time, 
dark current at the edge of the frame builds up. Since the image is only partially 
readout, former line 337 waits at the edge of the CCD where dark current builds 
rapidly. Which line waits at the edge of the frame depends on the data rate and 
possibly also whether compression is used. Line 337 was observed to have bright 
pixels in uncompressed calibration frames taken in the laboratory, all at a rate of 
60.9 kbits/s. All lines after 336 contain enhanced RBI electrons from the time spent 
waiting. 

The RBI from the part of the image remaining on the chip also builds up. 
Therefore, the resulting dark current and RBI pattern has a complicated spatial 
structure and depends on how the chip was readout, which in turn depends on 
the data rate, the summation mode, exposure time, which camera was read first 
after simultaneous shuttering, and compression. To remove the unwanted signal. 
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one would either take a series of dark frames in each mode used during the image 
sequence (potentially requiring large data volumes and long observation times) or 
produce these from a model of the dark current as descrihed earlier. We have chosen 
the latter. Here, mode refers to all the factors that influence the time spent on the 
chip and the read pattern. These factors include exposure time, summation mode, 
compression mode, framing time, readout rate, etc. 

The CCD contains a summation well. On-chip summation of 2 x 2 or 4 x 
4 pixels can he commanded. Data volumes in these summation modes are small 
enough that the entire chip can he read to memory. 

Voltages on the chip are set so that the zero level (no electrons in the pixel) will 
produce a positive DN value. This is called the bias level. It should not change except 
over long periods or after a voltage reset. It can be measured for each frame from 
the over-clocked pixels. Calibration data taken in the thermal vacuum chamber 
revealed that the bias level, as revealed by over-clocked pixels, increases with 
increasing exposure time. The reason for this is unknown. For gain state 3, the bias 
level is a function also of the electronics temperature. To ensure that the correct 
bias level is subtracted, the bias level should be obtained from the over-clocked 
pixels for each frame. The best measure of the bias level is to average as many 
over-clocked pixels as possible. 

The summation well is deep enough to accommodate 2x2 summation mod- 
erately well, but is not adequate for 4 x 4 summation in the lowest gain state. 
DN values above about 1600 in the lowest gain state depart from the linear co- 
efficients derived from low DN levels. Nonlinearity is noticeable in other gain 
states as well. It is least severe for the highest gain state. A quadratic term was 
derived from linearity test data, and the calibration procedure applies a quadratic- 
term correction to extend the DN range over which the calibration is good to 
1% or better. For 1x1 and 2x2 summation the entire range of the 12-bit 
readout can be corrected to better than 1%. In these modes all unsaturated pix- 
els are calibrated. For 4x4 summation with gain 0, a separate file contain- 
ing maximum allowed DN needs to be checked to make sure the DN value for 
any pixel is not above the DN range over which calibration is accurate to 1% or 
better. 

The electrons on the CCD are shifted to an output register and then to the ADC. 
The ADC introduces a slight error in the DN levels because of a process called 
uneven bit weighting. Instead of a one-to-one linear correspondence between input 
signal and output DN, some of the DN values are under-populated and some are 
over-populated. Four gain states are available. The uneven weighting is different 
for each of the gain states. 

Data from the ADC are 12-bit numbers. These can be sent to memory or passed 
through one of the 12-to-8 tables. One of the tables approximates a square root 
function. The other takes the eight least-significant bits. 

Eight-bit data can be passed through one of two compressors. One is a lossless 
Huffman compressor. The other is a lossy cosine transform compressor. 
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Radiometric calibration requires the following steps, which reverse the effects 
of each of the processes listed earlier. 

1 . Decompression if compression was used. (This step is performed at JPL before 
images are available to the Imaging Science team.) 

2. Conversion from 8- to 12-bit words if a 12-to-8 table was used. 

3. Correction for uneven bit weighting using a table appropriate for the gain 
state. 

4. Bias subtraction using over-clocked pixel values (average of many to improve 
statistics). 

5. Removal of the coherent horizontal banding using as a representative source 
of the noise signal, either the over-clocked pixel values for each line or some 
mean taken from the image itself. (The latter is used when there is black sky 
in the image with which to measure the banding signal.) 

6. Subtraction of appropriate dark frame containing RBI and dark current cor- 
responding to the exposure time, summation mode, gain state, and readout 
mode of the image. This frame has had its own bias value already subtracted 
and may contain some negative DN values. 

7. Correction for bright/dark differences in anti-blooming mode. 

8. Correction for nonlinearity for the appropriate gain state. 

9. Correction of static blemishes on the CCD (‘bad pixels’). 

10. Multiply by the gain constant g. The result will be ep (i,j) as given by Equation 

( 2 ). 

11. Divide the frame by the factors C (f\,f 2 )AQ 1 (/)FF 

12. Divide the image values by / Tq {X)Ty QCfTi (k)QE {k)dX. 

The resulting image will be an array of intensities averaged over the passband 
of the filter with a weighting function Tq {k)Ti {X)T 2 (A,)QE (X). 

13. The quantity I/F is often desired for solar system objects, where nF is the 
incident solar flux. The appropriate value of F is the passband-averaged F 
weighted the same way as the intensity, namely 

^ ^ / Fi{X)To{X)Ty(X)T2{X)QE{X)dX 
~ ttR^ I ToiX)FiX)T2{X)QE{X)dX 

In the above equation Fi is the solar flux at 1 AU and R is the distance between 
the sun and target body in AU. 

14. Interpolate over isolated saturated pixels or pixel-pairs from anti-blooming, if 
desired. All saturated pixels are identified and stored in a separate file. 

3.13.2. Calibrated Photometric Performance on Resolved Targets 
Af fhe time of writing, the calibration of the ISS is not complete, and more in-flight 
data are required. However, we have preliminarily calibrated the most useful filters 
and filter combinations and the results have been cast in terms of a simple relation 
giving the signal, S, in e“/pixel, as a function of the exposure time, fexp> and the HF 
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TABLE XIV 

The factor, relating the brightness of the target, HF, 

to the signal, S (electrons/pixel), and exposure time in the 
NAC camera. 



FI 


F2 


^cen,NAC 


iNAC 


UVl 


CL2 


258 


3.54E+02 


UV2 


CL2 


298 


2.59E+03 


UV2 


UV3 


316 


1.43E+03 


CLl 


UV3 


338 


1.54E+04 


P120 


UV3 


341 


4.96E+03 


P60 


UV3 


341 


5.15E+03 


PO 


UV3 


341 


5.98E+03 


CLl 


BL2 


440 


1.74E+04 


P120 


BL2 


440 


5.89E+03 


P60 


BL2 


440 


5.96E+03 


PO 


BL2 


440 


6.49E+03 


BLl 


CL2 


451 


8.41E+04 


BLl 


CRN 


497 


4.99E+03 


CLl 


CRN 


568 


3.49E+05 


P120 


CRN 


569 


1.14E+05 


P60 


CRN 


569 


1.20E+05 


PO 


CRN 


569 


1.21E+05 


RED 


CRN 


601 


1.43E+05 


CLl 


CL2 


611 


1.26E+06 


IRPO 


CRN 


614 


3.69E+04 


P120 


CL2 


617 


3.90E+05 


P60 


CL2 


617 


3.90E+05 


PO 


CL2 


617 


3.90E+05 


CLl 


MTl 


619 


l.lOE+04 


P120 


MTl 


619 


3.71E+03 


P60 


MTl 


619 


3.71E+03 


PO 


MTl 


619 


3.71E+03 


IRPO 


MTl 


619 


4.62E+03 


CLl 


CBl 


619 


6.06E+04 


P120 


CBl 


620 


2.03E+04 


P60 


CBl 


620 


2.03E+04 


PO 


CBl 


620 


2.03E+04 


IRPO 


CBl 


623 


2.19E+04 


RED 


CL2 


650 


4.20E+05 


HAL 


CL2 


656 


2.64E+04 


RED 


IRl 


702 


1.31E+05 



{Continued on next page.) 
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TABLE XIV 
(Continued.) 



FI 


F2 


^cen,NAC 


,NAC 


CLl 


MT2 


727 


I.24E+04 


IRPO 


MT2 


727 


6.07E+03 


P120 


MT2 


727 


5.37E+03 


P60 


MT2 


727 


5.46E+03 


PO 


MT2 


727 


6.00E+03 


P120 


IRI 


740 


I.7IE+05 


P60 


IRI 


740 


I.7IE+05 


PO 


IRI 


740 


I.7IE+05 


IRPO 


CL2 


746 


4.30E+05 


CLI 


CB2 


750 


2.75E+04 


IRPO 


CB2 


750 


I.34E+04 


P120 


CB2 


750 


I.27E+04 


P60 


CB2 


750 


I.27E+04 


PO 


CB2 


750 


I.27E+04 


CLI 


IRI 


752 


3.92E+05 


IRPO 


IRI 


753 


2.03E+05 


IR2 


IRI 


827 


4.53E+04 


IR2 


CL2 


862 


I.32E+05 


CLI 


MT3 


889 


I.06E+04 


IRPO 


MT3 


889 


5.30E+03 


IR2 


IR3 


902 


4.06E+04 


CLI 


IR3 


930 


6.70E+04 


IRPO 


IR3 


930 


3.63E+04 


CLI 


CB3 


938 


4.70E+03 


IRPO 


CB3 


938 


2.53E+03 


IR4 


IR3 


996 


6.I2E+03 


IR4 


CL2 


1002 


7.20E+03 



of the target for these filters and comhinations. This relation, computed for targets 
at the heliocentric distance of Saturn (i.e., 9.14 AU) on July 1, 2006, in the middle 
of the nominal Cassini orbital tour, is 

S(e^ /pixel) = I /F * wq* texp- 

To convert to DN, the relation is: 

DN = 5(e“/pixel)/GS(e“/DN), 

where GS is the gain state value in e“/DN given in Table X. The coq values were 
calculated starting with the ISS component ground calibrations for the transmission 
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TABLE XV 

The factor, relating the brightness of the target, IfF, 

to the signal, S (electrons/pixel), and exposure time in the 
WAC camera. 



FI 


F2 


^cen,WAC 


WAC 


CLl 


VIO 


420 


8.61E+04 


CLl 


BLl 


460 


1.08E+06 


CLl 


CRN 


567 


4.76E+06 


CLl 


CL2 


635 


1.32E+07 


CLl 


RED 


648 


5.86E+06 


CLl 


HAL 


656 


3.48E+05 


CLl 


IRP90 


710 


3.65E+06 


CLl 


IRPO 


710 


3.65E+06 


MT2 


CL2 


728 


1.40E+05 


MT2 


IRP90 


728 


6.48E+04 


MT2 


IRPO 


728 


6.48E+04 


CLl 


IRl 


742 


4.00E+06 


CB2 


IRl 


752 


2.74E+05 


CB2 


CL2 


752 


2.94E+05 


CB2 


IRP90 


752 


1.39E+05 


CB2 


IRPO 


752 


1.39E+05 


IR2 


IRl 


826 


2.56E+05 


IR2 


CL2 


853 


5.68E+05 


IR2 


IRP90 


853 


2.80E+05 


IR2 


IRPO 


853 


2.80E+05 


MT3 


CL2 


890 


2.90E+04 


MT3 


IRP90 


890 


1.43E+04 


MT3 


IRPO 


890 


1.43E+04 


IR3 


CL2 


918 


1.58E+05 


IR3 


IRP90 


918 


7.81E+04 


IR3 


IRPO 


918 


7.81E+04 


CB3 


CL2 


939 


8.39E+03 


CB3 


IRP90 


939 


4.16E+03 


CB3 


IRPO 


939 


4.16E+03 


IR4 


CL2 


1001 


9.31E+03 


IR4 


IRP90 


1001 


4.62E+03 


IR4 


IRPO 


1001 


4.62E+03 


IR5 


CL2 


1028 


1.15E+03 


IR5 


IRP90 


1028 


5.72E+02 


IR5 


IRPO 


1028 


5.72E+02 
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of the optics, filters, quantum efficiency, shutter performance and gain. Of these, 
uncertainty in the quantum efficiency (approximately 20%) dominates the un- 
certainty budget. (In comparison, the uncertainty of stellar fluxes is on the or- 
der of 10%, which is the uncertainty we expect to achieve when calibration is 
complete.) In flight, we relied primarily on photometric standard stars with an- 
cillary information from calibrated observations of Jupiter, Saturn and Saturn’s 
rings. 

For the NAC coq factors, we used standard star images taken during cruise. 
Specifically, HD339479 images from cruise load C26 were used, as well as 
Vega and 77 Tau images from loads C37 and C40. Spectra for HD339479 
and 77 Tau were taken from the Bruzual-Persson-Gunn-Stryker Spectrophoto- 
metric Atlas, Space Telescope Science Institute Data Analysis System (Gunn 
and Stryker, 1983); the spectrum for Vega was taken from Colina et al. 
(1996). 

All images were processed using the CISSCAL calibration software, and aper- 
ture photometry was performed using IDL. Filter-specific correction factors were 
then calculated by taking the ratio of the observed integrated stellar fluxes to 
the expected values. The resulting correction factors varied smoothly with the 
central wavelength of the filter combination, and so a quantum efficiency cor- 
rection function was derived to apply to the system transmission integral. With 
this correction in place, the images were calibrated yet again, and aperture pho- 
tometry was performed as before. Residual sensitivity offsets were then taken 
into account by calculating filter-specific correction factors. The resulting NAC 
ol)q values, which are recorded in Table XIV, have errors on the order of 10- 
20%, due largely to photometric uncertainty and systematic effects such as the 
contribution of noise from the horizontal banding (Figure 31) as well as the 
lack of an adequate dark current model. In general, values for the single broad- 
band filters are 5-10% less uncertain than those for narrow-band and combination 
filters. 

Due in part to a lack of sufficient standard star images, and also in order to 
take advantage of as many illuminated pixels as possible, we did not repeat the 
above analysis for the WAG, but instead used November 2003 approach images 
of Saturn. Photometry was performed for all available filter combinations, and the 
resulting disk-and-ring-integrated fluxes were plotted as a function of wavelength 
for both the NAC and WAG. From this, a quantum efficiency correction was derived 
analogous to that described earlier for the NAC. No filter-specific correction factors 
have been calculated yet, as was done for the NAC, and therefore no residual 
sensitivity offsets have yet been computed. Because of this, and because the WAG 
sensitivity correction is tied to the accuracy of the NAC analysis, the resultant WAG 
a>Q factors exhibit varying uncertainties on the order of 15-25%, depending on the 
filter combination. 

Tables XIV and XV give the cuo factors for the most common NAC and WAG 
filters and filter combinations. 
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